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Ab ;tract

This thesis developed a finite element solution of the

Schrodinger wave equation. This technique is used by a

computer program to calculate the energy levels and wave

functionLs of a diatomic molecule for a particular poten-

tial ernergy model. The potential energy model is a function

of a sut of parameters which a non-linear minimization rou-

tine varies before solving the wave equation. This is done

in an iterative marner until the calculated energy levels

a.'xt iii a least squares sense with the observed energy

i-vc i.;. Then the transition probabilities (Franck-Condon

lactors) between the wave functions are calculated by

another pro~rram developed for this thesis. Finally, two

~rograms were written to determine the energy levels

ob-.; rvud in spectroscopic data. One uses Dunham coefficients

arid the Dunham equation while the second uses a least square

fit to the data directly.

Thu four programs were tested and appear to work correct-

1> The numeric solutions were compared with the analytic

solutions of the single harmonic oscillator. Tne lowest

29 eirgy levels agreed to within 0.005% accuracy while

their wave functions appear to agree to within 0.40%

acuuracy.
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COMPUTER MODELING OF VIBRATIONAL ENERGY LEVELS
OF POTENTIAL LASER CANDIDATES (DIATOMIC MOLECULES)

1. Introduction

backci round

The evaluation of the lasiny potential of diatomic

molecules is simplified by accurate knowledge of the

molecule's energy as a function of internuclear distance.

This knowledge is used to generate wave functions from the

Schrodinger wave equation which dtscribe the molecule in a

particular quantum state. These wave functions are

turn to calculate the probability that the molecule w .41

change from one state to the other. This probability, or

Fraick-Condon factor, eases the correlation of spectroscopic

data.

AFIT began an effort to develop a set of computer

routines capable of calculating these Franck-Condon factors

for diatomic molecules in 1982. The central program of this

set was acquired from Dr. C.R. Vidal (Max Planck Institut fur

f'xtctertlcstrichu Physik) (26). This program uses the semi-

cl s6ical Rydhurg-Klein-Reus (RKR) procedure and an Inverse

Perturbational Analysis (IPA) to generate the molecule's

potential energy curve. Capt. L.L. Rutger modified Vidal's

program to run on the CDC CYBER computer system in his thesis

effort (lurch 83). Rutger also wrote a program to generate

1. -



th lit- o f imioIcc.ula r coan L.t anrt s u s ed is t, p ut t o t he 1RKh- I PA

c (ut (20). Then, in tri other thw-,.-;is proj-ct. (December 83),

* J.J. POV, coltpi cttjd tht1C p'Co JI Ain s~t by 7"Lt I )ro(J 1A ills

Lo) plot tht. enetogy curves-- ard cailculzte- the Franck-Coindonl

The RKIL- ilA pr~c.s viel1dcci res, ults Lhut a I tr e d

ve-ry well1 with s iiiil-r work in the lite-rature (5). flowever,

A LielieS td ", cX St. ini f1 iif(3 a more eif i c erit program sct.

b~sdon somIc ut her t tchn~iquc, than I{KP. This tectin ique

snodIICLd avo~id the fol lowing shortcomingjs of the RKR procjraint

Ft FirIs t, the 1,KR-lPA programs require considerable

cntu.ires.,ource2s undI are, tiiereforu expeinsLive to use. Trn es e

j'rgr. iscan niot run on~ just ciny Iiinicomputer that maIy be

lVIL Iab- I t-. 'Iitey require full mainfraine support. Second,

rt stecrchtA s huveO obse-rved inomalous behavior of the, PII

p u t it ic.1 (i) 19) (23) (25) (29) The curve soretijes

Liih( ove-r, or eraesrapidly for higqher enlergy states.

Ti. ~ ~ C~k siel ' a uuc1 1y at tr ibuted to an incorrect set of

jIG I-cu lor Cons t'Aits-. . s Siuiith, and Zare concluded that

L i., PKi% oe thu d i s v v sc f-l. it .i ye to errors or- riositrcie

l [it tit k-xPOI I fi t a 1 oat a (27) . 'This has spiArked linterest in

t t i ct u.ulteeaprtnha diit a: di rec tlIy to find

lie[o~ t ~ It lat yields the best fit to the measured energjy

L o i Ie

Pttevious- work: to finid ci new te-chi icue: or better vers ion

()I LKk t-~ve nut nui ny si gr3i canit improve trnts ovefr PIKR,



Potnt.iil Enerqy ModelIs

Sowe know ledge of the potential energy of diatonmic

molecules is required Iefore the wave equation can be solved

fotL the e.nergy eicurivc.luteS or wuve functions. The exact form

() function cl(scribinq the potential enurgy is not in

1C-,thrYl kiiown,. Ufowcver, in mnay cases the potential appezars

to have a form illustrated by Figure 11-4. The two constants

L.h(JWn are thle IIo(L-CUle's dissociation energy De and the

equilibriuo: distance between nuclei re.

One of the most widely used potent ial energy models is

t.0, Morse:. function (10:101):

V( De[1 -e(re] (16)

(~15



Now the vector y can be back-tranbformcd into vector x,

which contains thu vlues o1 the- enrergy levels, by solving LT

y. L1  - 0 sincu 1, und LT have the same diagonal. This

mt-"ns that xpis rbritary since 0 xp = yp where yp is also

cilbitLrcry. The vctor el]munt xp is chosen to be zero since

it Attect:, t:he values of other vector elements x i (i < P).

ieht rkt-. liaillgej I-c ulnli t s oy are - elated to x by

Y LT x. + Z LTx
Ii i i x (i-i,2, ... ,(p-l)) (14)

since LT is upper triangular. Inverting and remembering L ik

Lki "q (14) becomes:

p-i
xi = - Lkixk (i:(p-l),(p-2),...,l) (15)

ILi

'li- Valut, of Xp-i is comjyuted first since it is needed to

computL the vaIlue' 0). xp-2 .

The vector x now contains the energy levels that best

fit the spectroscopic data. However, the highest energy

Lcvfel p has a value of zero and all other levels areP

Inegjative. The energy levels may now be shifted so that E 1 is

cit htr zero, or the value the Dunham equo t ion (Eq (1))

yi:lds.

This least squares method yields values for only the

largy levels reprusented in the data. Missing values may be

found trom the Dunham equation (Eq (1)

14
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(j-1)
LJ Ai J Z LikLjk

L..

(~t) ~(10)(ji 2 2 (o.
L. = (A - jk

where Lij= 0 if j > i since L is lower triangular. Also,

th-e last aiwgonal elemtnt Lpp is zero since A is singular.

The solution of L y = b is found by inverting

(i-1)

b. = Z LikYk + Lily ik=1 1 k~1(11)

to get

(i-i) .

Yi = - VlLikyk
k1 (12)

This jiLthod yitlo> only 1 - 1 values for x since Lpp 0 and

itq (IL) cctn not btf s.olved for yp. This means that y iS

,4rlbit r.,ry cnct cudf ht- chosen to be zero. However, the

condi t ion

(p-i)
b Z LpkYk (13)bP k=1

iiiuL~t be' met it the problem is to be consistent.

13

............. '.



level difference information. The solution is unique only in

terms of differences Ej - Ci, not in th. value E i acquires.

Since A is positive semi-definite (28:28-30), the

Cholesky decomposition (28:229) (4:Sec 8 1-12) can be used to

stdte the problem in a solvable form. First, a lower

triangular matrix L is found so that A = L LT (LT is the

transpose of L). Then the problem becomes L y= b where y =

The decomposition of A occurs as follows. If A L L T

then element Aij of A is:

min(i,j)T rnin(i, j)
Ai = L k-I i knLk j =kEF L ik Ljk (8)

wheie LTkj = Ljk since LT is the transpose of L. Three cases

arise when evaluating Eq (8):

2 (j-)2

U -1)
i>j Aij LijLjj * Z L ikLjk

k=l J(9)

(i-i)
i<j Aij LijLii Z- X L ,kLjk

Inverting Eqs (9) yields

12
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p p
0~~~~ w. wk (Ii-E +Ck jWkik1j -E k+E) (6)=il wik(lik-Ei+Ck) -~ ~w.1J k J) 6

A final rearrangement of terms yields:

p p p
k (Wi.) - Z (wk Ck)C 1: (wkj 1kj-wjk1jk) (7)

kj~iik ki j~i J J j=l-

The first termi of Eq (7) is the sum of tne weighting factors

for all transitions trding at levtl E k plus the sum of tle

weighting factors for all transitions beginning at level Ek

times the value of Ek. The second term is the sum over j of

the weighting factor for the transitions between levelsE k

and Ej times the value of Ej. Finally, the third term of Eq

(7) is the sum over j of the weighted transition from level

1k to level E minus the weighted transition from level C to

lt've-l Ck" Only observed transitions are used in Eq (7).

This relationship can be more conveniently solved by

rewriting Eq (7) in matrix form as shown in Figure 11-3.

This is the common linear problem Ax = b where A is a p by p

sLq u au matrix, and the vectors x and b are p by 1 matricies.

The diajonal elements of A (Ain m rI ) are the sum of (wik +

wki) i = 1 to p. The off diagonal elements (AMn'l m / n) are

-(Wren + Wnm).

The problem is complicated by the fact that A is

ingular, possessing no inverse A- 1 such that x = A- 1 b. A

* is singular since the spectroscopic data contain only energy

....................... , _, .,a, ..... IU. ............................. ,.....



inconsistencies in the additional data. The following

analysis finds the set of energy level values that best

resolves the inconsistencies of the entire set of data.

The weighted linedr least squares technique finds a set

of energy levels with the smallest sum S for the p observed

levels.

P(2)S E . W i . ( i , .- C E+ 2 (2) -

i=lj-1 =i J 1 ij

The weighting factor wij allows more accurately determined

data to make a larger contribution to the sum S. The minimum

of the sum S occurs when its derivatives with respect to the

energy levels oi interest are zero:

03S 0

Z)Ek  (3) .
ak

The derivative is

P P •
0 w ij. -E .+E )( ) (4)

i=lj=l j j jkik

since

1 if m=n
3E m =  6 =(5)

an 0 if r/n
n

Using this property (Eq (5)) of the Kronecker delta 6mn' Eq

(4) becomes:
,0

................



E l

' E

E.

Fig. 11-2. Inconsistencies of Spectroscopic Data

transition lines involving the same energy level. This is

illustrated in Figure 11-2. The observed differences between

level Ek and the other levels Ei,j,l,,n (linesI -

i,j,l,m,ri) do not agree with each other. Each line supposes

that the level Ek is at a different position than the other

lines. If ltvel Ek were to be pinnted down to a definite

value, thtn all the other levels would shift. This is not a

problem in this simple case. However, a problem arises when

other transitions are observed not involving level E k• This

additional data will most likely be inconsistent as the data

involving level Ck were. Now the shifting of energy levels

.* cautwd by pinniny Ek to a detinte value further compound the

8
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V -E7

173 141U

v E3

Fig. 11-1. Electronic Transition Lines

7



coefficients are often published in place of the data they

represent. The Dunham coefficient Yij is a coefficient of an

infinite power series of vibrational and rotational quantum

numbers (v and J). Given enough terms, this series

accurately reprseients the energy T(v,J) of the quantum state

represented by v and J (6:725). The Dunham equation is:

T (v,J)  =- Y i  (v+2,-) ijj(J+l) j (i
3

Pow describes a good method of determining the Dunham

coefficients from spectroscopic data (16:4-8).

Alternatively, the researcher may use the spectroscopic

ddta directly to determine the observed energy levels by a

weighted least squares fit.

Firt;t, a set of transition lines li are observed and
ij.

assigned. The assignment identifies the transition's initial

and final electronic and vibrational states. Each transition

is, rtom n I init-i, l erierqy level E to a f inal level

1iW~(i lk-v%.Is may or may not belong to the same electronic

btate as shown in Figure II-1. For example, line 173

re-presents a transition from electronic state B, v = 2 to

state A, v 2. Also, line 196 represents the transition

from state C, v 2 to state C, v = 0.

Then, the least squares technique is used to resolve

inconsistencies between the data. A transition line

S involving one energy level may not agree with other

6



....................--

11. Literature background and Theory

This section develops concepts and theory required to

understand the programs presented later. The goal of this

effort is the calculation of the transition probability

(Frarnck-Condun factor) between two energy states of a

diatomic molucule. The wave functions describing these

states are used to calculate the Franck-Condon factor, and

are found by solving the Schrodinger wave equation. However,

knowledge of the molecule's kinetic and potential energy is

required before solving for the wave functions. Therefore, a

discussion is first presented on determining the appropriate

.0- electronic and vibrational energy levels of the system. --

Then, two potential energy models are presented. This

section is followed by a detailed outline of a finite element

solution of the wave equation. Finally, the calculation of

Franck-Condon factors is discussed (21).

Determination of Energy Levels

There are two starting points for determining the energy

levels of a diatomic molecular system. The researcher may

either use Dunham coefficients to calculate the energy

levels, or they may be derived directly from spectral data.

Dunham coefficients are combinations of molecular

constants derived from spectroscopic data. These
.O

. - " - . -



not be important, as long as it allows the flexibility to

hiodify the rtpuli.ivet and attractive branches independently.

This projnaui was validated against the analytic

solutions of tht, iriplu harmonic oscillator. Two programs

have betrn writ en to aid the researcher in defining the

energy levels usl t!3 input. One program uses a least

squtres techIiqui' to find the set of energy levels that best

fit a set of spectroscopic, transition data. The second uses

Dunham coefficients to calculate approximate values for

missing energy levels. The last program written computes a

25 by 25 (v' = 0 to 24; v" = 0 to 24) table of Franck-Condon

factors between two electronic states.

4



Choose a set of' vaules
for the potential energy
parameters a, ~

Solve the wave
equations

E caic =<*,IHI*~>

Compute.

S J(EobE Ecac

Fig. 1-1. Minimization ot' the Lea. t Squares Sum
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or are still computationally expensive (8), (12), (24).

dObjective

The objective of this work is to develop and validate a

program set based on a quantum mechanical approach. These

programs should be transportable to minicomputers such as a

VAX 11/780, HP 1000, Harris 800 and be inexpensive to use.

Also, they should use obsurved energy levels as input, riot a

set of molecular constants derived from these observed

levels.

Approach

A program has been written which solves the wave

equation using the finite element method. This program uses

a potential energy function defined in terms of parameters

the prograir, can change. A non-linear minimization routine is

used to find the set of paiameters which characterize the

potential that best fits the observed energy levels in a

luast squares sense. This approach is illustrated in Figure

I-i. The minimization routine selects a set of parameters,

solves the wave equation, and computes a sum of the

difference betweein observed and calculated energy levels

s quared. This process is repeated until the set of

* parameters is found that yields the smallest energy

ditference sum.

This approach allows thu researcher to fit a potential

Senerqy model to his data. The specific model chosen should

3

"-:-:-]-;":":' --- :.";-" '- "-"-. .,. ...-. .--.-"./. ..". . . . .."."- -..-'.-.".-. ... .-... . . . .. )( - -) ) ) (.- -
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The molecular constant is defined as (10:101):

0 (2r~~ e = .217 ?CJe(7 (17)

where is the reduced mass of the system and Ce. is a

vibrational frequency. lellinghuisen and Henrderson obberved

thiat. the Morse function seemis to accurdtely describe the

r-pulsive:: branich ot the potential (24).

Anothcr potential ene-rgy model is the Lennard-Jones

V D (re 2-2re )(18)
e (r

'Ilis potential is considered since it is the sum of a

repjUlsive and attractive potential. Therefore, each branch

ri~ay bet- modified independently of the other branch.

Whichever model is chosen, the potential is described in

terms of parameters than can be altered before solving the

wave equation. For exan~ple, the powers 12 and 6 of Eq (18)

might be replaced by a and .Then ax and 0 are each al lowed

to have a certain value, say a = 12 and = 6 or a =11.39

and 5.06. The method then is to vary the potential

paramjeters and solve the wave equation in an iterative

f ashion. Given enough iterations the set of parameter values

will be found for the potential energy model making the best

fit to thU observed energy levels.

16



Care must be exercised when the potential energy

function is parameterized to ensure that the model is still

an accurate description of the molecule. For example, if the

Lennard-Jones potential were parameterized as

,(r)r (19)

one would find that the function's minimum no longer occurs

at re if a 11.39 and = 5.06. However, if the potential

were parameterized as

V = D e (20)

then the function behaves well for all a and . The function

described by Eq (20) is the Mie potential (14:311). Moelwyn-

Hughes points out that both the Morse and Lennard-Jones

tunctions are special forms of the Mie function (14:311-315).

Numerical Solution of the Wave Equation

The wave functions used to calculate Franck-Condon

factors are derived by solving the Schrodinger wave equation.

The procedure uses the finite element method to solve for the

energy eigenvalues of a particular set of potential energy

paramleters. The calculated energy eigenvalues are compared

with observed energy levels in a weighted least squares

S Is se. Then, a new set of potential energy parameters is

17
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generated, the wave equation solved, and energy levels

compared. This process is repeated until the parameter set

thait best fits the muasured energy levels is found. Then the

tigenvectors arc- computed and normalized.

The expected values of the energy operator are:

E = ext{ 42 rH} (21)

where ext [ J mneanis the extreium of the backeted quantity.

The extrema of a function are its minima, maxima, and saddle

points. Assuming spherical symmetry, Eq (21) becomes

4rr drr 2 <+ 2V+

where the Laplacian operator is:

2 2V 1 d r di (23)

r2 dr dr

The wave function hr)is replaced by a function U(r) s0

Ihit

- U (24)1
r r



(See French (7:199-201) for another discussion on this

substitution). Then Eq (22) becomes:

CI

J£drrU ~jh 2 1 d r 2d_+V ___r

E ext 0 2 2drir d r (25)

WI ~J JdrU~~ 2r~
Since

r r / r 2  (26)

-U(r) + rU(r)

the kinetic energy term of Eq (25) is rewritten as:

I d 'd -U1 r + rU r))
I 6 6,

= (-U r) U(r) r)

U (27)

r

Therefore Eq (25) is now

o 00

19
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Wiier. integrated by parts, Eq (28) becomes

E extj dri2K1 U( r) 0r1j (29)
00

J drU 2 J
o (r)

The finite: element method Cdn now be used to solve Eq

(29). First a uniform grid is overlayed on the wave function

as indicated in Figure 11-5. Each grid point rO is a node.

The natural coordinate system (Fig 11-6) (3:88) simplifies

the problem. 1Edch position r is described in terms of the

local gjrid boundaries ri and ri+i, and the natural

coordinates 1, arid 12 as:

'r r. + 1 2h r i+- 1 1h (30)

whure ht is the grid element size

h~1  r1  (31)

and 1 + 12 =1

p Tliv opproxiimate solutions of Eq (29) found by the finite

licii~t-iit jit.A hod will convorge to the true solution as the grid

k-1k-itlxt !size is fliaode smialler. Hiowuver, the interpolating

polyriomial chosen to approximate U(r) must satisfy the

I tqul itents of completeriess and comipatibi lity presented by

hao (17:114-11S). These requirements are met if a basis set

of teriis cubic in 1, and 12 are used to approximate U(r).

20
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Then the requirement is that the approximating function and

its first derivatives are continuous at each node ri . The

function U(r) is approximated by:

U =U r-_" rjri 1r i+1
2

U '1 1 2)=U0 f1 (1 1 1 2).+U ff3(1# 2)+Uf4(, 12) (32)

where U0 = value of U(r ) at ri

0 = slope of U (r) at r

U1 = value of U (r) at ri+ 1

U1 = slope of U(r) at rj+j

Then the boundary conditions at the left edge of the grid

:lefert ( 1I = 11, 12 0) are:

f f
f (1,0) = 1 f1 (1 ,0 ) 0 -

01,) f 2 (,o) -0

f3 (1 ,0 ) 0 f 3 ( 1 , 0 ) = 0 (33)

f 4(1)4( ) 4 o 0

The boundary conditions at the right edge ( 11 = 0, 12 1)

are:

f1(0,1) 0 f1(0,1) =0

f 2(0,11(0,f )
f 2 (Ol) = 0 f2(0,1) 0 (34)

f 3(0,1) 1 f3 (0,1 ) = 0

. 1f7(0,1) = 0 f4(0,1) I- 1

22
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The function U Ct] should be zero anid have zero slope at

r o and r =~This condition is not enforced, but should

be a result of this analysis ats the function gets far from

the potential.

The basis st-t for cubics in 1, and 12 is (1 13 11212;

1 1,2 3j The iirst derivatives of the basis set are

Jl"l;(-21,1 2 +11
2 )/hl; (-1 2 

2 +21112 )/h; 312 
2/h) since

= y dl1 I + d d12 (35)
dr dl11 dr d.12 dr

,And

(36)
d12 =1

Lo that Eq (35) becomes

drh(dl (37)

ii'comination of basis functions that satisfy the boundary

coiiditions (Eqs (33) and (34)) is:

23



S = +312 f = -(611)/h

f' = hi 2 f = (12 -2111,)/h2 +31 2 1

f3 13 +31 1±2 f3 (61l12)/h (38)..: i

f4=-hlll2 f,=12 2 (12 21 2)/h

T- functioi U r) and itb first derivative are now

jproxim.ted b7:

U U~~(1" ,21 21)U(h, 2 )--u(13+ 1 1

(U1(2-h)ll 2)

(39)

't(3 U0 +~U hl / 1 +(3.U 1 -U 1 Ii1 1 1 2 rU 1 ±3

and

du u 6111 2)U'(-2111 1)tU (1  1 2
U(l ,0) = 0 _ 2 1  1 h

dr

+UI (-211 12 12 (40)

'2 1, ' '2
= U0 1+( -3Uo /h-U0 +3U 1 /h-U1 ) 211 12 UII 2

The- intc2grals of Eq (29) may now be rewritten as

I r2h 1 2"Ul .O_Uo ,l 12 2 (41)
h 

'2 1 2 
-'-1 ;

12 = 12 ]1 12 (42)

2 (1112)
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h 3 2 2 3 2
I=SodlI dl 2- U 1 U+(3UUh)11+3U1-Uh)11 2+U12 (43)

for each grid element where

Ii 2- 0 2\dr (r " (r

(44)

I3 drU( r)2

These integrals are solvable by the simple relation

(3:312):

hJdldl lp1
q =(451

-0 2 1 2 (p+q+l)! (45)

Since Uo, Uo, UI, and U I ' are constants with respect to the

coordinates 11 and 12, the result is the integral of a

pulynomial in terms of 11 and 12. Then, if each integral is

seprattd into a sum of integrals and constants are taken out

of the integral, Eq (45) solves each term of the polynomial.

The inteLgral 12 (Eq (42)) is complicated at this point by the

potuntial erieryy term V(1 1 1,2 ) and will be discussed next.

When solved, I1 (Eq (41)) and 13 (Eq (43)) result in a

polynomial in the boundary values Uo , Uo, U1 , and U1 ' of the

griG element. For example, 13 becomes
S3

25

................................................................. .. "



13 =1872hU + 264h UoU0 -- 648hUoU 1 ± ... (46)0 7! 7'01

This expression is more convenient when written in nlatrix

1for as:

13 U0 U0 , U] h 1872 264h 648 -156h U0

264h 48h2  156h -36h 2  & (47)

648 156h 1872 -264h U1

-156h -36h 2  -264h 48h 2  UI

Similarly, the integral II becomes

Ii 0 U U _h
2  144 12h -144 12h U0

12h 16h 2 -12h -4h2  UO] 48)

-144 -12h 144 -12h U1

12h -4h 2  -12h 16h 2 U

The integral over the entire grid is then reduced to a matrix

problem composed of one matrix I for each grid element i.

L,'oi t,:xample, the overlap integral becomes:

b 2 T
Ii I = £'drUr) zTS z (49)

a

h!wh r2 a cnd b ,are the first and last nodes of the grid. Then

,T": z is constructed as illustrated in Figure 11-7 where the

ith :hub-utracis of z arid S are shown in Figure lI-8. Each

26
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S. 1872h 264h 2  x x
7! 7!

204h2  x x x

7!

x x x x

x x x x

Fig. 11-8. The Sub-Matricies of J~S z

Lub-[iatr.ix corresponds to one grid element. The sub-

~~A~c~esz 1 and Si overlap with sub-waItricies z'-', zi* and

~ sice ~ie i1)thand thgrid elements share the

7,uw r bdo the (i.j)th and elements:

1 0

U1  =U 0
(50)

i - i+oz

Wieta elemtnt ot S or of z correspond to the overlap of

..wLb-mait ric'ius S, Sij1 or zil zi the value of S or z0 is

the sum of the corresponding values of the sub- latricies.
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t l 12 Eq(42)) is solved in the saie manner;

how,-vei, the potent jal energy funct ion V (r) nust first be

C1,proximat ed by V(1l,12). The potentiul V(r) is written as a

Cublin tion of t1- he ,+au. cubic bsir S set used for the function

U This kcps the s-4iI, ICVel of accuracy betweon the

ufjpjLcxiILtir(j Itactinzs U0 1 ,1 2 ) and V(1l,]2)- Specificlly,

V(i) becomes:

v V r 1+(r) (11.12) i  1(51)
U U

V(11 1 12 )  v0 f 1 (11 1 2 ) +V0f2(l11 2 ) +V 1 f3 ( 1 1+ 2) 'V f4(11 1 2)

,hit'.e the f 's ure the same functions used earlier (Eq (38)).

Then the intcgral 12 (Eq (42)) for the ith grid element

r.

ri-i-1
f Y rU r V (r) .

1 1 (52)=j, ~+ dd2[Ul(3Uo _Uoh)' 112+V l Ul ) 13 l2+(3eV 'h 2111 52
0 0" 2 1V

s 0

12 =21 + 122+ 1 23 + 124 (53)

After the, same manipulations described before, the 12 s are

t~vd ~udt.ed cis: -'

29
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File COVIP

N £-
GE SPOCV
JE ,2150 'BBBA
'F! LA CO VLCN2 E-POCI

ED SPOCK

TA

E, -3

s IE, I -:C, - EL)
'NED UP

~.' ,23,'NEXT
'NEXTi *SAUF77. LPVW&O BA

i.JE !F77ERR

*PR compiled ok ...

*JU 'ELOLD

!F77ERR *PR Ooupb...

'ELOLD EL &2

5*JE) 312,!ELZZZ

$21E,2170,!NEXT2
*]U !NEXT2

'ELZ:Z EL ZZZ

'1JE, 21'O 70NLXT2
INEXT2 JS SPOCK
14O *A=-OFF

EL SPOCI'
AS o -*

*PK dorie arid did.

PIE

File VLCN2

vU.bj

NAME ZZZ

LI,2Ci39EF-PH*3IN4DE<,,IOOAF1I*IISLib, *5 AUL?7,*LIBENY

Fig. III-1. Fortran 77 Compile and Link Macro

43
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The job control statuments required to compile and link

tLhse programs is given in Figure Il1-1. These statements

conpose a macro. A macro is a file of COfTIrricfnds referenced by

the file name in which the statements are stored. For

tcxample, it the statements of Fig 1I-i are stored in file

COMP, the macro is executed by COMP DIATOM DIA or COMP.D

DIATO N DIA. In the first example, the program stored in the

tile DIATOM (Apptrndix F) is compiled and linked. The

e'x tcutablt' module is stored in the file DIA. In the second

example DIATOM is compiled using the debug (D) compiler

option. The source code in the file DIATOM may either

contain all user routines, or references to other files

containing more source code. The $ADD facility causes

another file (filename = xxxx) to be inserted where $ADD xxxx

occurs (for examples, see Appendices B, D, F and H). The

executable code is run by entering the name of the file

colitaining it.

befort2 executing the program, the user must attach all

input/output files. If the program reads from logical unit

11 ard writts to logicdl unit 13, then they must be attached

to the tillts by the AS (assign) commnrid (e.g. AS 11 = INFN

arid AS 13 = OUTFN). INFN and OUTFN refer to the file names

involved. The macro shown in Figure 111-2 makes all

nuces(Lary assignments and executes the program DIATOM stored

ink executable tormi in the tile DIA.
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• - ° . .. . . . . •. . . . . . . - . . • . . . ... .• . .
-- - -- "- -"." -,"- ... -"", ,., .... ,.._.,.. .,.,,. """ """.: .' i " " .* I '-, .:" "'."* ". " "" *""."*"" " *.* " ", -



Ill. Computer Programs

This section presents the computer code written to

implement the theory outlined in Chapter Il. The programs

dk.veloped are called DUNhAM, EFIT, DIATOM, and FCFACT. The

environment these progrAms run in is first discussed. This

includes the compile, link, and execution steps. Then each

individual program is discussed, including its purpose,

cdbabilities, and major sub-program tasks. Finally, the

interrelationships between the programs is presented.

Program flow diagrams and source code are in the Appendicies

A - H. Appendix I is a legend for the flow diagrams.

Program Environment

The programs run on AFIT's Harris 800 minicomputer under

the VOS operating system. Each program may run in either a

batch or interactive-terminal environment. The Harris is a

24 bit machine with two words used to represent a real

variable. Single precision mathematics is used.

The code is written in standard Fortran 77 and should be

[orbLclIe. A few Harris utility routines are used, but they

do not affect any calculation. Therefore, they may be

replaced by similar routines found on other machines or left

out of the programs. Standard routines from the IMSL (11)

library are used. These routines may also be replaced if not

dvAi able .

41
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Thew Pranek-Condon factor (Eq (75)) is:

P I= I TS 1
2  (77)

This method requires that the two wave functions be developed

froff, identical grids, and therefore were derived by solving

Eq (62) using the same matrix S.

40



P2 , T

v ,V [ L 2~ J -I

T a wave function of one electronic state
-2

z, a wave function of the other electronic state

S the matrix S of' Fi.,. 11-7 and Eqs (49) and
(62)

FIgIl-li. The Frarick-Condon Calculation in Matrix Form
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V-

Fig. 11-10. Wave Function Overlap
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The development of Franck-Condon factors depends on the

born-Oppenheimer approximation (10:199) that the wave

function is separable into an electronic and vibrational wave

function = *e V vib" Also, the electron is assumed to

change states so quickly, compared to vibrational motion,

that the nuclei have nearly the same position and velocity

before and after the transition (10:199).

The inner product in Eq (75) is calculated in the same

manner as the wave functions were normalized. In fact, the

same matricies can be used. The difference arises since two

different vectors representing the wave function are

involved. The problem illustrated in Figure 11-7 is changed

to that in Figure II-ll.

V 1 2 3) 5 6 8 4 Id ? I-0 . . .' 'Zi.
V.

0

1

2

3 L

5

6 1P

7

Fig. 11-9. Franck-Conidon Parabola

37 " "



(49) illustrated in Figure 11-7 as zTs z. This inner product

is constrained to be one (i.e., N Must be 1) by the

Lagrangian Multiplier constraint of Eq (63) as zTs z = 1,

which is used to define the eigenvalue problem.

Calculation of Franck-Condon Factors

The wave functions for the different vibrational states

ul ucl electronic state are now used to calculate the

transition probability between two states 4v' and 4v". This

probability is called the Franck-Condon factor and is defined

as (22:119):
+ 2 (5Pv v" =  ,'@ ' d r  (75) .

V " .

There are two notable properties of the Franck-Condon

factor. First, the factors are normalized so that (22:120):

' ,P v' = Z ofv v" 1 (76)V V"

SLcond, the Iaximum transition probabilities lie along a

padr.bola-like curve in the array of factors (10:196). This

is depicted in Figure 11-9. The transition probability is

higjhest for the wave functions which overlap the best. As

Figure 11-10 illustrates, there are two wave functions 4v"

for which overlap is a maximum with 4v'. This occurs for

all but the v 0 wave function where there is only one

ldixirMum. This corresponds to the vertex of the Condon

pdrabola.
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Onice recovered from y and L, the vector z contains the Values

,And s lopes of the f unction U (r) at each node ri. The values

of U (r) are the values of the! one dimeiisional wave function.

These wave functions should still be normalized it the

vectors ywere normalized, since the recovery processes were

urn i t ,r y. Howuver, Irit, wov-- functions are checked for

norrit ci 1 i ztion before using them to calculate Frarick-Coridon

factors. The original three-dimensional (r, 0 , 0 ) wave

function 4(r) is not needed since symmetry is assumed and

U(r) is the one-dimensional (r) wave function.

Thu eigenvectors z should be orthoriormal since the

tL alstormatiozis from cigenvector y were unitary and y is

orthonormal. The normality of the function U(r), as

described by the vector z, is checked by calculating a

nornialization constant N from the inner product of U (r) as:

IN1 2 = (drU+ U72
0(r) ()

If U~)is normalized, N =1. fUr)irotnormialized, it

can be made so (UN(r)) by:

U NU (73)
N(r.) (r.)

The inner product of U(1.) was originally defined as

+ 2<U U > .fdrU(r) (74)

in the denominator of Eq (25). In matrix form, Eq (74) is Eq
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The matrix X is built similarly. Since Z = X LT , Zij is

also

zX L T (68)Z j k=j_ j 32 l

The sum is again limited since LT has only four non-zero

diagonals also. Pemembering that L kj = Ljk' expanding Eq

(66) and inverting yields

X ij - ijX ( .i3)Lj( j-3)-X ( j-2) L j(j-2)- Xi( ,)Lj ( j- ) ) (69)

L. •

The eigenvectors of Eq (65) are the energy levels

desired, but the eigenvectors y do not contain direct

information about U(r). This information can be recovered

though.

Since y is related to z by y LT z, the element Yij is

i+3
Z TYij =k-i L'k k j 

.

i * 3 (70)

k=i ki k j

Expansion and inversion of Eq (70) yields:

zij (Yij-L(i+3) iz(i+3) j-L( i 1iz i,2 L(i )i (il . ) (7 )'!{<[

L i2i-zi.+)j ""l~l~ (71)

i*.L
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0 Hz - .LLTz

0 L Lt L T-1LTz - XL-1LLTz

LTz

-0 -T-1

X L-IHL T-( (65)

0 =Xv - y

The decomposition of S is the same used to decompose A in the

previous section, and will not be presented again. It should

be noted though that L is a lower triangular, banded matrix.

The matrix X is derived in the following two step

process. First a matrix Z is found where Z =L - H. Then X

is related to Z by X = Z LT - .

The first step is written H = L Z where the member 11ij

iiof H is:

H L.k Z kj (66)
k=i_3

The sum over k is limiteu since L has only four non-zero

aiagonals. Expaxding Eq (66) and inverting yields

Zij(H ij-Li(i_ 3 ) Z (i_3) ,-L (i_2 ) Z (i(2) -Li(i_!)Z(i-l)j ) 67)

33
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a C
T 0 (64)
Tz

yields H z -. % S z = 0.

The eigenvalues of Eq (62) are the system's expected

k'neryy levels. The eigenzvectors contain the value of the

function U(r) C.nld its slope at each node ri.

The solution of Eq (62) requires significant computer

rtsources for large natricies H and S. AFIT does not possess

cumputer code to take full advantage of the banded nature of

the matricies involved. Over 96% of the members of H and S

are zero, and only half of the 4% non-zero members need be

involved in the solution due to symmetry.

A more efficient solution is now presented that allows

the number of operations to be minimized for this problem.

The generalized eigenvalue problem H z - k S z = 0 is

transforme.d to the standard eigenvalue problem X -X y = 0.

AFIT possesses computer code to efficiently solve this

problem.

First, the Cholesky decomposition is used on S since it

is symmetric, positive definite (28:229). A matrix L is

found such that S = L LT. Then the problem evolves as

follows:

32
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The extrema of E occur when its first derivatives are

zero, that is when:

0 jE (59)

0 H Hz - (zTHZ)Sz (60)

z Tsz (z Tsz)
2

0 = (zTSz)Hz - (ZTHz)Sz (61)

(ZT S)2(z sz) 2

0 = Hz - kSZ (62)

where k = (z T H z)/(zT S z) = E, the energy eigenvalues. Eq

(62) is the generalized eigenvalue problem where S is a

positive definite matrix. Notice that both H and S are real,

band symmetric matricies.

An alternative approach arrives at the same generalized

eigenvalue problem. The method of Lagrangian multipliers can

be used to impose the normalization constraint (zTS z - 1

* 0). Then the problem becomes:

E = ext z Hz - X(z Sz -i)( 63)

where k is a set of multipliers. Then taking the first

derivative equal to zero

31
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I21 UO U0 U1 U1] X 695520 70560h 82080 -23040h U0

xVoh 70560h 10080h
2 15840h -4320h

2 U0
0 (54)

10! 82080 15840h 47520 -11520h U1

-23040h -4320h2 -11520h 2880h2 U1

I 2 2 = 0 UO U1 Uj X 139680 23040h 50400 -12960h U0

X=(3Vo+Voh)h 23040h 4320h2 11520h -2880h 2 U0

10! 50400 11520h 61920 -12960h U1 (55)

-12960h -2880h 2 -12960h 2880h2 U'I

123=[U0 U 0 U 1 U] x 47520 11520h 82080 -15840h U0

XVh 11520h 2880h2  23040h -4320h2 U0,

10! 82080 23040h 695520 -70560h U1 (56)

*-15840h -4320h2 -70560h lO080h 2LJU 1

Iu24 = Uo Uo u] x 61920 12960h 504o0 -11520h Uo

X=(3V -V h)h 12960h 2880h 2 12960h -2880h
2 U0

10! 52400 12960h 139680 -23040h U1 (57)

-11520h -2880h
2 -23040h 4320h2 U1

The problem originally described by Eq (21) can now De

written as:

E = ext{zT I (58)

where H = T + V 1 + V 2 + V 3 + V 4 is the sum of matricies

describing the system's kinetic and potential energy. Matrix

T is built from the matricies representing I1 , and the Va's

are built from the matricies representing the I2a's in the

same manner as S was built from 13 in Figure 11-7.
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File XDIA

MS
FR ALL
AS 11=&1
AS 12=&2
AS 13=&3
AS 14=IN14
AS 15=DIARES
AS 16=DIAPOT
AS 17=DIAWAV
AS 99--13
A2 6z/13
PR Program DIATOM is now executing
DIA
PR and is now done.
ME

to use enter: XDIA IN11 IN12 OUT13

Fig. 111-2. Program Execution Macro

Program DUNHAM

The program DUNHAM calculates energy levels by the

Dunham Eq (1) given in Chapter II. These levels may be

needed to execute DIATOM.

DUNHAM accepts up to one hundred coefficients Y where

i and j range from 0 to 9. These coefficients are used to

calculate up to 676 energy levels T(v,J) (v = 0 to 26; J = 0

to 26) using Eq (1). All levels may be shifted a uniform

damount so the lowest level T(0,0) is any value the user

desires. The user controls the number of energy levels

calculated with auta elements VIBLMT and ROTLMT. These data

elements are the largest allowed values of v and J. The
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iuiiber of energy levels written to the output file is limited

by the data element LVLLMT. These levels are written in the

format required by DIATOM.

DUNHAM is composed of the sub-program modules listed in

Table III-l. The Harris routines (noted by a '*') are not

required for energy calculations.

The program flow is presented in Appendix A. The source

code is in Appendix B. DUNHAM first calls HDRDUN which uses

BTIME and STIME to keep track of CPU use and how long the

program runs. Then HDRDUN opens the output listing file

(unit 13) and writes the listing header.

RDRDUN is then called to read all input data from unit

11. The input file (unit ii) contains fixed form, key-worded

records (card images) as shown in Figure 111-3. Data records

are identified by a '>' in column 1. All other records are

ignored as user comments. Each data record must contain a

valid key word in columns 2 to 4. The valid key words and

related data elements are given in Table 111-2. The value of

all data elements except HDR must be in columns 6 to 20. The

character string used for HDR must be in columns 6-35. All

real data elements must contain a decimal point. For

example, '>Y10=100' is invalid, whereas '>Y10=100.0' is

* valid. Integer data elements may not have a decimal.
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Table IlI-i

Program DUNHAM Modules

MODULE TYPE DESCRIPTION

DUNHAM Main The main module - calculates the

energy levels.

HDRDUN Subroutine Opens output listing file.

BTIME * t Starts CPU use statistics.

STIME * " Starts wall clock use statistics.

DATE * t Returns the current date.

TIME * " Returns the current time.

USERNO* " Returns the user's ID.

RDRDUN " Controls all input.

TRLDON Closes the output listing file.

ETIME * " Stops CPU use statistics.

WTIME * Stops wall clock use statistics.

* Harris Routines (9)
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***JEFF 4CONRAD'S DATA -- P1O X i-- 1UCT 664

>ROT-0
>Vlb-25
>LVL=25
>HDR=PEBO X 5~tate
>DEG-0. 0
)YOO-0
)YIO-722. 68?
)Y20--3.613

Sk-Data Elements

Key Words

Figl. 111-3. Program DUNHAM Input File

Table 111-2

Program DUNHAM Key Words for Input Data

Data Element
Key Wlord Type Data Element

VIB Integer Vibrational quantum number -upper

limit.

ROT Integer Rotational quantum number -upper

limit.

LVL Integer Total Number of' energy levels to be
written to the output file.

* HDR Character A label/comment written to the
output file.

DEQ Real The energy value of the dissocia-
tion limit.

*Yij Real A Dunham coefficient (e.g. Y10 is
the key word forY
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After returning from RDRDUN, DUNHAM calculates each term

of Eq (1) and adds it to the variable SUM. Once all values

of Eq (1) are collected, the value of the energy level is

transferred to the variable T. After all allowed energy

levels T have been calculated, they are shifted so the

aissociation energy level value is the value input on the

'DEQ' record. The shifted energy levels are then written to

the output file (unit 14) in the format required for DIATOM.

Finally, TRLDUN prints the run statistics (CPU use and

execution time) and closes the output listing.

Program EFIT

The program EF]T uses measured transition lines in a

weighted least squares calculation of observed energy levels.

These energy levels are used as input to DIATOM.

EFIT accepts 62,500 transition lines involving 250

energy levels. A maximum of ten electronic states may be

entured with up to 25 levels for each state. These levels do

not have to be the first 25 (v = 0 to 24), but can be any

level as long as they are properly labelled on input. The

user can shift all levels so that the lowest level of the

lowest state has a specified value. Each level calculated is

written to an output tile in the format required by DIATOM.

EFIT is composed of tht! sub-program modules presented in

Table 111-3. The program flow is depicted in Appendix C and

the source code is in Appendix D.
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Table 111-3

Program EFIT Modules

MO DULE TYPE DESCRIPTION

EFIT Main The main module - does the least
squares fit.

HDREFT Subroutine Opens the output listing file.

BTIvIE * Starts CPU use statistics.

STIME * of Starts wall clock use statistics.

DATE * Returns the current date.

TIME * o Returns the current time.

USERNO* i Returns the user's ID.

RDREFT o Controls all input.

LVLEFT Calculates the absolute energy
level number for an energy level
relative to an electronic state.

TRLEFT Closes the output listing file.

ETIME * Stops CPU use statistics.

WTIME * " Stops wall clock use statistics

Harris Routines (9)
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EFIT first calls HDREFT which performs the same

functions described for HDRDUN in program DUNHAM.

Then RDREFT opens and reads all records in the input

file (unit 11). The input technique is the same described

for RDRDUN of DUNHAM. The key words are six characters long

and are in colums 2-7 of each record. Table 111-4 gives the

acceptable key words and related data elements.

Figure 111-4 is an example of a valid input file. In

this example, the first state (STATO) is the X or ground

electronic state, the second (STAT02) the a or first

electronically excited state, and so on. Notice that data

for the X state vibrational levels v = 0 to 8 involved in the

following records are indicated by the record keyworded

LVLS01. Also notice that the b state has only one level

involved (v = 4). Missing levels are allowed. The program

does not require every level to be represented by the data in

the range v = (lowest value) to v = (highest value) for each

state. The record keyworded SHIFTS contains the value of the

lowest level of the lowest state on output. All other levels

will be shifted so this occurs. Transition data is given by

the remaining records key-worded ABBCDD. These records

contain the transition line observed (cm-1 ) and optionally

the least squares weighting factor (0 < w < 1.0) separated by

a ';' for the transition from vibrational level BB of

electronic state A to level DD of state C. If the weighting
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Table 111-4

Program EFIT Key Words for Input Data

DATA ELEMENT
KEY WORD TYPE DATA ELEMENT

STATxx Character A single character symbol for
the electronic state xx; e.g.,
STATOI=x assigns the symbol
"x" to the first state.

LVLSxx Integer A series of integer numbers
(1 or 2 digit) indicating which
energy levels V=? are involved
in the least squares fit for
electronic state xx symbolized
by STATxx.

SHIFTS Real The value of the lowest level
of the lowest state.

ABBCDD 1;w Real Two data elements - the value
(1) of the transition observed
between vibrational level BB
of electronic state A and level

o DD of state C and its weighting
factor (W=0 to 1.0). The two
values are separated by a
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Thi% ab an input file for EFIT

*** This file contain Ritchey's ddta for Pb + 02(3-i9ma) pg. 45

)STATOI-X

)STATe23- Electronic state a contributes
>)TATO3inb 10 levels, v=O to 9, to the
>STATO5-B least squares fit.
)G.TATOSinB

)STATO6C

)LVLS01-O 1 2 3 4 5 6 7 8
>LVLS02-O 1 2 3 4 5 6 7 8 9

>LVLS03-4

>LVLS04-O 1 2 3 4 6 8 No data will be entered for
>LVLSOZ-O 1 2 3 4 5
;LVLSOb=0  state b levels v=O to 3 or

-SHIFTSm-30854. 15 v greater than 4.
)b,8XOOm 19514.4
.,a7XOO,19154.2
>aO6XOO18702.4
>aO5XO0-18257.2
>aO9XO317883.0
:o4xo0-17801.5 The transition line observed
>o05X0117539.2 between state a v=4 and state
>&03XOO-17334.6 X v=O is 17801.5 inverse cm.
>4O4XOI,178O4.1 Weighting factor defaults to 1.
>bO4X08=12416.5
>AOUXO122483.5

',A06XO~In21675. 0
A04Xo021519. 3
>AO3X0i21047.8

>AO6XO220942.0

Fig. 111-4. Program EFIT Input File
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factor is missing on input it defaults to 1.0, the highest

weighting allowed. The order of the keywords is important

and should match that given by Figure 111-4. For example,

the LVLS01 record can not occur before STAT01 record.

Control now passes back to the main module. EFIT builds

the matrix A (Figure 11-3) of the least squares equation A x

= b. A is stored in full matrix storage mode such that A(I,J)

corresponds to Aij. The matrix b is built next. Then the

problem is changed to Ly = b where A = L LT and =LT x by

the Cholesky decomposition Eq (10). The solution, y, is

found through Eq (12) and transformed to x by Eq (15) after a

consistency check is made (Eq (13)). The matrix x contains

the unshifted energy levels. Then all levels are shifted so

the lowest level is at 0. The levels are then written to the

output listing. Finally, they are shifted again so that the

lowest level is at the value input by the SHIFTS records.

These final energy level values are written to an output file

suitable for DIATOM.

A possible source of confusion is the energy level

labelling used by EFIT. EFIT gives each level an absolute

level number, while also maintaining a level number relative

to the. electronic state for the user's convenience. This is

illustrated in Table 111-5. EFIT uses absolute level numbers

in array references and calculations.
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Table 111-5

Relative and Absolute Energy Level Numbering

STATE STATE RELATIVE ABSOLUTE
N UMBER SYMBOL N UMBER NUMBER

01 X 1 1
2 2
3 3

02 a 1 4
2 5

03 b 4 6

04 A 0 7
1 8

2 9
3 10
4 11
8 12

Program DIATOM

The program DIATOM finds a set of parameters for the

potential energy model that best fits the observed energy

levels in a weighted least squares sense. Then DIATOM finds

the normalized wave functions for the calculated energy

levels. These wave functions are needed for the program

FCFACT.

The execution of DIATOM may be modified by keyworded

records 'RM' and 'RW'. if RM = 1, DIATOM finds the potential

energy parameters that best fit the energy levels. If RW =

1, DIATOM calculates the wave functions.

DIATOM accepts up to 25 observed vibrational energy

levels for a specific electronic state. However, these

levels must be consecutive and start at v = 0. Missing
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levels may be marked by assigning it a value of zero. Then

no comparison is made by DIATOM to the calculated value. The

grid used by DIATOM may have up to 100 steps (101 nodes).

The potential energy model may use up to ten constants and

ten parameters. Each parameter is associated with an upper

and lower limit.

DIATOM is composed of the modules listed in Table 111-6.

The program flow is presented in Appendix E and the source

code is in Appendix F.

DIATOM first calls HEADER which performs the same

functions HDRDUN of program DUNHAM performed.

Then READER opens and reads all records from the input

files (unit 11, 12, and 14). The input technique described

for RDRDUN of program DUNHAM applies. Unit 11 contains data

that control the execution of DIATOM. Valid key words and

data elements are listed in Table 111-7. The keywords must

be in columns 2-3. An example of a valid unit 11 input file

is given in Figure 111-5. Records key worded 'Cx' contain

constants used by the potential energy model. Records key

worded Lx#, 'Px', and 'Ux' contain, respectively, values of

the lower limit, initial value, and upper limit of a

potential energy paran'ter.

Unit 12 contains data related to the observed energy

levels. Valid key words and data elements are given in Table

1II-8, and an example of a valid unit. 12 input file is
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Table 111-6

Pro, ram DIATOvI Mviodules

MO DU-LE TYPE DESCR IPT ION
DIATOMI Main The main program module.
HEADER Subroutine Opens the output listing file.
bT I ME * Starts CPU use statistics.
STIME * Starts wall clock use statistics.
[ATE * " Re tuLs the current date.
TIME * Returns the current time.
USERNO * " Returns the user's ID.
REiADER " Controls all input.
11N UIUM Fii dL the minimum C IFUN.
FUN Vu"ic Lion Tne sum of weighted residuals

squared.
POTENT Subroutine Returns potential energy value

and slope.
LIG EN" Solves Hv - Sv :-- 0.
ETL "Cholesky decomposition LL

FOLDZ " Finds Z where H LZ
FOL DX " Finds X where X Z -l-I.
EHOUSS # " Changes X to tridiagonal form.
EQRT1S # " Finds eigenvalues of tridi-

agonal X.
'RTQ S HT # Finds eigenvalues and eigen-

vectors of tridiaonal X.
Lii[i~qS // " Finds eigenvectors of X from

those of tridiagonal X.
UI4FOLD " Finds eigenvectors v from those

of X.
PUTRIlD Stores radoiim number genera-

tor values.
,:VI " Filds the wave functions.
I _,cCU # Fits a cubic spline to a function.
io hiMAL " Normalizes the wave functions.

VM[ILQF # Matrix multiplication.
VUIBLFF # M atrix multiplication.
v IJTJAV Stores wave functions in a

file.
0 UTI'UT Writes output l iLsiiE and

data.
C TP'UT Calculates 1000 potential ener-

gyvaluues.
P RNNTE Creatv h Listing.
1 LTRH:S Creates r'esidiual plot file.
PLTPOT " Creates potential plot file.
''kAILR Closes ti., output listing file.
ETLvIE * " Stops CPU use statistics.
WlIlvIE * Stops wall clock use statis-

tics.
Sliarri;s Routines (9)

# INISI, Routines (11)

56

..".' • .° - , ". . . , ..... .. j . '".. - " . ..' " " . " . - ",. :°- ' ,% ,.- •". .. - - '.
- ' '-..Tt_ T ' - "- - : '- , . . . .,.,.. . . . , -,,,,, ,,,m -,.Ia, "" -' : ' ' " " " " "" " 

"
'""

'
"""''

%
: 

/
"""""



Table 111-7

Program DIATOM Key Words for, Input Data -Unit 11

K EY WO RD _TYPE DATA ELEMENT

BG Real The leftmost (beginning) mode of
the grid.

EN It The right most (ending) mode of
the grid.

14E In wurc!I The number of' grid elements
(steps).

is The number Qf steps MVINUMV may
'take.

IP The modulus o01 ti steps at
which MVINUMv printing is required.
If ne ';gative no informfation is
printed.

JR HRandom step frequency (MINUMV).
JI Gradient step frequency (MINUMV).

JA Average step fr-equency (NIINIJM).
1 1 Jump stop frequency (MVINUM).
PR A flag for creatitig residual

plot file (FR:1 yes; FR=:O no).
FP A flag for, creating potential.

RIdIntel er A flagr controlling execution of'
NIINUV. If RIV-1, NIINUM is used.
If RviVVO, IdINUV is not us~ed.

RW ~A flag controllingL execution of
WAV E. If RW--l, WAVE is used.
If RW -O, WAVE is riot used.

HH eal The value of Planck'.; Coitan t h.
MU 'U The miolecule':3 reducedt mass.
Cx " "x" =0 to 9. The value of one

of 10 cons tarits available to the
potential Onerg-y model.
fix ;O'0to 9. The! initial value
of one of ten paramenters avail-
able to the potential model.
MITNUM changes these.

Lx ' ~ Lower limit of FIX.
Ux "Upper limit of Px.
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No 3:Only oer o

3 s.ources of' DIA'IOW
12 is reqired.

DJIATOMlv DIATOMV DIATOMlv

Th~11~ 22 14is

DIATOMATOM

rtq ii il-k :;I Ii C t- FCFACT
iYCFACT :ii andI &1
12 are aifforciit.

FIG. III-11. Over'viuw or Pro,Jam l H]ationships
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CLCFCF builds the matricies of Figure 1I-1l and multiplies

them in a manner similar to that used by NORMAL of DIATOM.

The matrix product is the inner product between the

normalized wave functions. This product is squared and

stored in the two dimensional array FACTOR as the Franck-

Condon factor.

OUTFCF prints the Franck-Condon table in two sections

after the first loop is done. Then, TRLFCF stops the run

statistics and closes the output listing file (unit 13).

Program Relationships

The programs DUNHAM, EFIT, DIATOM and FCFACT are related

as shown in Figure III-il. The user may use DUNHAM, EFIT, or

some other source of energy level data to build the input

file (unit 12) for DIATOM. DIATOM in turn builds one of two

input files for FCFACT. The second FCFACT input file is

built by running DIATOM for a different electronic state (a

new set of energy levels and potential parameters).
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)LABL-Single Harmonic OicxIlitor
>S 1 0.000000 0.000000 0.000000 0.1273469

)S 2 0.000000 0.000000 0.6157434E-02 0.38384I01E-03

)S 3 0.000000 0.4408163E-01 0.36384u4E-02 0.25469a9

>S 4 -0.3638484E-02 -0.2878800E-03 0.000000 0.767E80IE-03
>S 5 0.000000 0.4408163E-O1 0.363844E-02 0.2546939

>S 6 -0.3638484E-02 -0.2878800E-03 0.000000 0.7676a01E-03

)S 7 0.000000 0.44081o3E-01 0.3638484E-02 0.2546939
Is 8 -0.3638484E0U2 -0.2a 'sb0OE-03 U.O00000 0.7676b01E-03
I5 9 0.000000 0.4408163E-01 0.3638484E-02 0.2546939

>S 10 -0.3638484E--02 -0.28?8800E-03 0.000000 0.?67680IE-0J

's 11 0.000000 0.4408163E-01 0.3S638484L-02 0.254o939

,S 12 -0.3638484E-02 -0.2878a00E-03 0.000000 0.7676801E-03

IS 13 0.000000 u.4408163E-Oi o.3638484E-02 0.2546939

,S 14 -0.3638404L-02 -0.23878OE-03 O. 00U00 0.26708OIL-UZ

.I to 0.000000 0.4408163E-01 0.3638484E-02 0.2546939

,S 16 -0.3638484E--02 -0.2878800E-03 0.000000 0.7676801E-03
. 17 0.000000 0.4408163E-01 0.3638484E-02 0.2546939

S 18 -0.3638484E--02 -0.2878800E-03 0.000000 0.2676801E-03

'S 19 0.000000 0.4408163E-0i 0.3638484E-02 0.2546939
20 -0.3638484E--02 -0.2878800E-03 0.000000 0.2676801E-03

IS 21 0.000000 0.4408163E-01 0.3638484E-02 0.2546939
,S 22 -0.3r384d4E-02 -0.2378800E-03 0.000000 0.7676S01E-03

S 2i 0.000000 0.4408163E-01 0.3o38484E-02 0.2546939

"E, 24 -0.3638484E-02 -0.23?830E-03 0.000000 0.27ob801E-03
s 25 0.000000 0.4408163E-01 0.3Q38484E-02 0.2546939

S 26 -0.3638484E-02 -0.2878800E-03 0.000000 0.7676801E-03

', 27 0.000000 0.4408163E-01 0.3638464E-02 0.2546939

)S 2d -0.3o38484E-02 -0.287800E-03 0.000000 U.T76601L-0J

M Matrix S Data

CJ 9  0.000000 0.4403163E-01 0.3638484E-02 0.2546939

-;'O -0.36384U4E-02 -0.2878BOOE-03 0.0oo000 0.7676801E-03

- 71 0.000000 0.4408163E-01 0.3638404E-02 0.1273469

)S 72 -0.3638484E-02 -0.2878800E-03 -0.6157434E-02 0.3838401E-03

0 1 -0.1293752E-10

0 2 -0.2054280E-09

0 3 -0.8461519E-10

0 4 -0.1223209E-08

0 5 -0.Ib91142E-09 Egenvector

0 6 -0.3602358E-08 e coD
0 7 -0.4a75904E-09

Fig. III-10. Program FCFACT Input File
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Valid key words (columns 2-5) and data elements are

listed in Table II-11. An example of a valid input file for

units 11 and 12 is given in Figure Il-10. The 'LABL' record

contains a 72 character label of the wave function set. All

records with a "S" in column 2 contain data belonging to the

-trix S of zT S Z1 . The "SXXX" record contains the "XXX"

row of matrix S in band symmetric form. The key word of the

remaining "XXXX" records is the energy level number. Columns

6-9 contain a sequential record number relative to the energy

level. Columns 10-24 contain the value of the eigenvector

corresponding to the number in columns 6-9.

Next, FCFACT sets LUNIT = 12 and calls RDRFCF to read

all duta concerning the upper (v') state.

The Franck-Condon factors are calculated by CLCFCF which

is called for each combination of wave functions.

Table III-11

Program FCFACT Key Words for Input Data

KEY WORD TYPE DATA ELEMENT

LABL Character A 72 character label of the
wave function set.

"Sxxx" Real 4 values belonging to the
"xxx" row of matrix S

in band symmetric form.
(e.g. "S011" contains
S(11,1), S(11,2), S(11,3),

and S(ll,4)).

"XXXX" Real "XXXX" "1" to "25". The
data for energy level "XXXX" .
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Table III-10

Program FCFACT Modules

IvO DUL E TYPE

FCFACT Main The main module.

HDRFCF Subroutine Opens the output listing file.

BTIME * Starts CPU use statistics.

STIME * " Starts wall time use statis-
tics.

DATE * " Returns current date.

USERNO * Returns the user's ID.

RDRFCF Reads one set of wave
functions.

CLCFCF Calculates the FCF for two
wave functions.

OUTFCF o Prints the FCF table.

TRLFCF " Closes the output listing
file.

ETIME * " Stops CPU use statistics.

WTIME * " Stops wall time use statistics.

• Harris Routines (9)
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Finally, TRAILR stops the run statistics and closes the

output file.

Program FCFACT

Program FCFACT computes the inner product given by Eq

(75), (Franck-Condorn factors) for two sets of wave functions.

Each wave function set is the output of one run of DIATOM.

FCFACT expects both input files (units 11 and 12) to

have identical matricies S and 25 (v = 0 to v = 24) sets of

wave function data. Both sets must be related to an

identical grid in DIATOM. FCFACT builds a 25 by 25 table of

Frarick-Condon factors.

FCFACT is composed of the sub-program modules listed in

Table 111-10. The program flow is presented in Appendix G,

and the source code is in Appendix H.

FCFACT first calls HDRFCF which performs as HDRDUN of

DUNHAM did.

Then FCFACT opens units 11 and 12, sets the variable

LUNIT 11, and calls RDRFCF. This causes RDRFCF to read all

data concerning the lower (v") state.

66
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where wi is the weighting factor (0 < w < 1) associated with

Ei-

Control is passed to PUTRND after MINUM finishes.

PUTRND stores the current values of the random number .

generator seeds for next time DIATOM is executed.

Next, WAVE finds the normalized wave functions

(eigenvectors) for each calculated energy level (eigenvalue).

First, the main module sets JOBN = 1 before WAVE is called.

Then WAVE calls FUN using the "best" parameters found by

MINUM. This causes the eigenvectors of the standard

eigenvalue problem (Eq (65)) to be computed. WAVE also

writes the matrix S to unit 17 for the program FCFACT.

Then NORMAL uses IMSL routines VMULQF and VMULFF are

* used to multiply the matricies of Eq (77), and the

normalization factor N (Eq (81)) is computed. Then the

normalized value of the wave function is computed. PUTWAV

then stores the eigenve.ctors (wave functions) in unit 17

using the format required by program FCFACT.

Then, OUTPUT calls GETPOT to calculate the value of the

potential energy model at 1000 points along the grid. These

values can be used for plotting the potential. PRNTER writes

the potential values, parameters, and energy data to the

output listing. OUTPUT also uses PLTRES and PLTPOT if DIATOM

was directed to create plot files of the residual (unit 15)

and pote-ntial (unit 16) data (FR = 1; FP 1).
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Then the generalized eigenvalue problem Eq (62) is

solved when FUN calls EIGEN. EIGEN first calls GETL to

decompose the matrix S by Eq (10). Then EIGEN uses FOLDZ and

FOLDX to implement Eq's (67) and (69). This is how the

generalized eigenvalue problem is transformed into the

standard eigenvalue problem Eq (65). The symmetric matrix X

of the standard eigenvalue problem is changed to a symmetric

tridiagonal matrix T by IMSL routine EHOUSS (11) using

Householder's transformation (13). Then the lowest 25

eigenvectors of T are found by IMSL routine EQRTIS (11) using

a QR transformation with a Newton shift (18). If JOBN = 1,

the eigenvectors of T are computed by the QR method (1) using

IMSL routine EQRT2S (11). The eigenvectors of X are found

from those of T by IMSL routine EHOBKS (11), (13).

Next, UNFOLD recovers the eigenvectors of the

generalized eigenvalue problem Eq (62) from those found by

FUN.

FUN then compares the eigenvalues v and the observed

energy levels Ev by computing a residual (variable RESID):

J (K1 - E1 ) for E1  0

RESID(I) = (78)

0 for E= 0

Then the weighted sum the residuals is computed as FUN:

25 2 2FU 2 j2)
FUN E (wi x RESID(i) (79)
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h h h hF11 12 13f 11t
Matrix H h 2 1  h 2 2  h 23 h2
of order h 2333 L )1 h32 h] h22

h)l
h,2

33

Full I yuluwtricS to rage S to raLe

Mo de Mo de

Fig. I1-8. Symmetric Matrix Storage Mode

SL12 0 0 0 0

s21 s22 s23 0 0 s 2 1  s22

Matrix 7j 0 s32 '33 '34 0 s 32 s33
of order315 4 0 *3 S4 4  S4 5  s43 S4 4

0 0 0 s 55
55

Band
Full Symmtric

S to rage S to rage
Mlo de Mode

Fi,,. 111-9. Band Syprietric Matrix Storage Mode
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The variable JOBN controls calculation of eigenvalues

(JOBN = 0) or eigenvectors (JOBN = 1). DIATOM initially sets

JOBN = 0 since the eigenvectors are not needed until the best

parameter set has been found by MINUM. MINUM is a routine

written by Pearson and Williams (15) that computes the

minimum of a real function FUN. FUN is a function of ten

potential energy parameters which must be scaled so each

range from 0 to 1.0. MINUM may be replaced by any non-linear

minimization routine. MINUM takes random and statistically

derived "best guess" steps and jumps through FUN's parameter

space.

The function FUN first builds the matricies H and S of

Eq (58). FUN calls POTENT once for each grid element in this

process. The matrix H is stored in symmetric mode as a one

dimensional array of length n(n + 1)/2 where n is the order

of the matrix. The matrix element Hij is the kth element of

the array where k = (i(i - 1)/2) + j. Due to symmetry, only

the lower triangle of H (i > j) is stored. This is

illustrated in Figure 111-8. Matrix S is stored in band

symmetric mode, illustrated in Figure 111-9, in a two-

dimensional array. Only the elements on the main and sub-

diagonals are stored. The matrix element Sij (i = 1 to n; j

- i, (i - 1), (i - 2), (i - 3)) is storel in the k, 1 th

element of the array where k = i; 1 = 4 - (i - j); and j = (k

+ 1) - 4.
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Table 111-9

Program DIATOM Key Word
Input Data - Unit 14

KEY WORD TYPE DATA ELEMENT

IU Integer *6 Starting random

number seed.

IX Fixed random
number multi-
plier (IX=131075).

*1* € Soeds for a random number 9enerator in MINUM

called by progr-am DIATOM

S)IU= 513134868332!7

>IX= 1310:?5

Fig. 111-7. Program DIATOM Input File - Unit 14
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* Single Harmonic Oillator

* 24 Au9 84

>LBL.SinIe Harmonic Oscillator

>VO01 .0

)VOI=3.0 The v=3 level is not observed
>VO2=5.0 and must be entered as 0.
)V03=O. 

0

>904=9.0

>VO5-11.0 I .9

>V06=13.0 .8
>V07-15.0 .7

v09=19.o I.

V10=21.0 I 4 The v=8 level is weighted
6 tenths of the other
levels (v=0 to 4) which
default to 1.0.

Fig. 111-6. Program DIATOM Input File - Unit 12

0 are entered starting a v = 0 to 4 and v = 6 to 13, then 14

records 'Vxx' must be entered 'xx' = '00' to '13'. Record

'V05' must be zero since no level was observed for v = 5.

This level will not be used in the energy level fits and

serves only as a place holder.

Unit 14 contains values used as seed numbers for MINUM's

iandom number generator. DIATOM replaces the seed values

with new values every run. Therefore, the user need only

Lupply this data when the program is first put on the

computer. At this time both may be set to 131075. Valid key

woids must be in columns 2-3 and are listed in Table 111-9.

An example of an input file is given in Figure I1-7.

.6
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Table 111-8

Program DIATOM Key Words for Input Data - Unit 12

KEY WORD TYPE DATA ELEMENT

LBL Character A 72 character label
used for the wave
function output file.

Vxx e;w Real "xx" ="01" to "10".
Two data elements.
First is the value
of the observed energy
(e) level xx. Se-
cond is a weight-
ing factor (w = 0 to
1.0) applied to that
level separated by
a I

presented in Figure 111-6. Keywords must be in columns 2-4.

The character string contained in the 'LBL' record is used to

label the wave function output file (unit 17). Edch 'Vxx'

records contains the observed energy value arid, optionally, a

weighting factor (0 < w < 1.0) for the energy level v = 'xx'.

The units of the energy level must be the same used for the

values of Plarcks constant fi (record 'fib' in unit 11) and thu

system's reduced mass P. (record 'MU' in unit 11). The energy

* level value and the weighting factor are separated by a ';'.

The weighting factor defaults to 1.0 if it is not entered.

The 'Vxx' records must be consecutive in 'xx'. If 13 levels
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* Single Harmonic Oscillator

* 24 Au9 84

>BG=-6.0

>EN-e. 0

NE-90

)IS=I

>IP=I

>JR-5

) JG-1

/ JA-5

>FR=O

>FP=O MINUM is not allowed to run.
) PII-=O

)RW-1 - WAVE is allowed to run.
>HB=1.0

>Lu=,.o 4  Potential Energy parameter 1

>P1=2.0 starts at 2.0 and may vary
a >uI=2.Oi from 1.99 to 2.01

>L2--0. 02
>P2-0. 0
>U2-O. 02

Fig. 111-5. Program DIATOM Input File - Unit 11

0 S
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IV. Results and Discussion

This section consists of three parts. The first two

parts present the validation of the programs DIATOM and

FCFACT. Then a CPU use benchmark is presented of the program

DIATOM in the third part. The programs DUNHAM and EFIT were

tested against several sets of hand calculations. These

programs were found to be accurate to within the number of

significant digits supported by single precision computer

operations. These results are not presented.

Validation of the Program DIATOM

The program DIATOM was tested against the analytic

solutions of the single harmonic oscillator. The harmonic

oscillator was chosen since the lower vibrational states of

most diatomic molecules are nearly harmonic. The analytic

energy levels and wave functions of the harmonic oscillator

are presented in Appendix J.

DIATOM was tested using atomic units where fi = 1.

The potential energy model chosen was:

V(r) = pjr 2 + P 2  (80)

Th: paranieter p1 is related to the scaling constant C of

Appendix J by:

P1 
= (ha) 2  (81)
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and to W and 4 by:

P,= w2 (82)

The parameter P 2 merely shifts the minimum of the potential

curve. This parameter was used to make the problem of

finding the correct parameter set (plP 2 ) more difficult for

HI INUM.

The solution of the wave equation by DIATOM shall be

referred to as WAVE. This means that the input records RM=0

and RM=1 were used in unit 11. The use of DIATOM to search

through the parameter space to find the correct parameter set

is referred to as MINUM. This means that unit 11 contains

the records RM=1 and RM=O. WAVE was tested first.

The WAVE version of DIATOM was executed with p1 =2 and

P2 = 0. This means that a is one and & is two. Then a

variety of grid resolutions were used. Each grid started at

r = -6 and ended at r 6. The number of elements in the

grid were varied from five to ninety. The results of these

tests are presented in Tables IV-1, IV-2, and IV-3.

The energy eigenvalues for the analytic and numeric

(calculated by DIATOM) cases of 25, 50, 75, and 90 element

grids are presented in Table IV-I. Notice that the numerical

eigenvalues approach the analytic eigenvalues as the grid

becomes finer. The solutions of DIATOM converge to the

analytic solution as the grid element size becomes smaller.
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Table IV-1

Analytic vo. Numeric Eigervalues
of the Single Harmonic Oscillator

NUIMBER OF GRID ELEMENTS
V ANALYTIC 25 50 '/90-'

0 .u .o000013 1 000000 1.000000 1.000000
1 3.0 ).000106 3.000002 ).O0000 3.000000

".* ;. (mul- l1 5 0000 i .0()000 1 5.000000
7, .001212 7.U00032 .00000 '/.00001

4 9.0 9.002'718 9.000077 9.000008 9.000003
5 11.0 11.00511 11.00016 ii.00Ou2 11.00001
6 13.0 13.00931 13.00028 13.00003 13.00001
7 15.0 15.01265 15.00047 15.00005 15.00002
8 17.0 17.02656 17.00073 17.00008 17.00003
9 19.0 19.01727 19.00108 19.00012 19.00004

to 1.0 ,21M.07060 21.00153 21.00016 21.00007
11 2J.0 23.01505 23.00211 23.00025 23.00009
.L2 25.0 25.12566 25.00282 25.00034 25,00013
115 27.(0 27.07469 27.00368 27.00045 27.00017
14 29.0 29.11559 29. o04l1 29.00059 29.00022
15 31.0 31.19916 31.00593 31.00075 31.00026
Jo 33.0 3).18257 33 00734 33.00094 33.00035
.7 35.0 35.22109 35.00898 35.00116 35.000i.4
IC, 37.0 37. 32730 37.01085 37.oo-1 ? 37.00054
19 39.0 39. 7048 39.01297 '39.00171 39. 00065
20 41.0 41.396(0 41,01537 41.002Q5 41.0007"

43.0 43. 501.21 43.01805 43. 00243 43.00093
' 4. 4P5. 6,2668 45.02103 45.00285 45-00110
4.0 47.70044 47. 02432 47.00332 47.00127

24 49.0 49.77736 49.02793 49.00380 49.00144
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Table IV-2

An Overview of Eigenvalue Accuracy

NUMBER OF CALCULATED EIGENVALUES
WITHIN X% OF ANALYTIC VALUE

NUM BE R OF CPU
GRID STEPS SEC. 0.005% 0.01% 0.05% 0.1%

5 1.9 0 0 0 0

10 3.3 0 0 1 1

15 5.2 0 0 3 3

20 9.0 1 2 3 5

25 14.2 2 3 6 10

30 17.0 3 5 9 12

35 25.0 4 7 12 16

40 35.6 6 9 15 20

45 51.3 8 11 20 25

50 76.2 9 14 24 25

55 121.1 11 17 25 25

60 -86.4 14 20 25 25

6) 273.1 15 24 25 25

70 396.3 20 25 25 25

75 575.1 21 25 25 25

80 7X6.2 24 25 25 25

90 13 78 25 25 25 25

75.
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Table IV-3

An Overview of Wave Function Accuracy

NUMBER OF AGREEMENT BETWEEN WAVE FUNCTIONS AT r0o
GRID STEPS v=0 v=8 v=16 v=24

10 0.70 * * *

20 0.14 * * *

30 0.03 4.40 * *

40 0.01 1.18 5.44 *

50 0.005 0.47 1.91 4.82

60 0.002 0.22 0.86 2.05

70 0.001 0.12 0.45 1.03

80 0.001 0.07 0.27 0.59

90 0.005 0.05 0.17 0.7'/

. The -corresponding ei-envalue did riot
meet the 0.1% accuracy criteria.
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This is expected since the problem was constructed for

convergence (17:114-115).

Table IV-2 is an overview of the accuracy obtained for

grids of different resolutions. DIATOM computed the 25

lowest energy eigenvalues to better than or equal to 0.005%

for a grid of 90 elements (r = -6 to 6). On the other hand,

all 25 eigenvalues were computed to within 0.1% accuracy for

a lower resolution grid of 45 elements (r = -6 to 6). The

higher resolution grid is over 26 times more expensive

(1377.8 vs. 51.3 CPU seconds) to use than the lower

resolution grid. This is the trade off the user must come to

ternis with. The computation cost must be considered when

specifying the desired accuracy.

Table IV-3 presents an indication of the accuracy of the

wave functions calculated by WAVE (DIATOM). The approximate

wave functions vary the most from the analytic wave functions

at the center of peaks or troughs. Therefore, the wave

functions are compared at r = 0, the middle peak or trough of

the even (v = 0,2,4,...) wave functions. This comparison is

only an indication, not a true measure of the wave function's

accuracy. No value was given in Table IV-3 if the accuracy

of the eigenvalue was greater than 0.1%, or if the wave

function did not have the correct form. Again, notice that

the approximate solutions calculated by DIATOM converge to

the analytic solutions as a finer, more expensive grid is

O used. Also notice that the more accurate wave functions are

77
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the lower state wave functions. In all cases the v 24 wave

function was the least accurate. The best accuracy obtained

ior v 24 at r 0 was 0.37% while 0.005% accuracy was

obtained for v 0. Better accuracy should be possible with

a grid of more than 90 elements.

The v = 0, 3, 7 and 9 wave functions are plotted in

Figure IV-1. The dotted line is the analytic wave function

and the solid line is the numeric wave function for a 65

element grid. Each numeric wave function varied no more than

0.3% (in the sense previously discussed) in absolute value

from the analytic wave function. The v = 0 and 7 wave

functions differ from the analytic by a minus sign. This is

an artifact of the QF method used by the IMSL eigenvalue

* routine EQRT2S. Each eigenvector is unique to within a minus

sign (11). The inversion of a wave function is of no

consequence though, since the Franck-Condon factor depends on

the square of the inner product.

Next, DIATOM was tested using MINUM (RM=I, RW=0) to see

if the correct potential energy parameter set could be found.

DIATOM was run four times in this manner using the parameters

and search limits of Table IV-4. After the fourth run, MINUM

chose the parameters p1  2.0004 and P2 = -0.002. These

values are close to the correct values of p1 = 2.0 and P 2 -

0. A closer fit is possible by running MINUM (DIATOM) again

with a narrower search region and more grid elements.
. .
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Table IV-4

Test Ruris of DIATOM Usin 'MINUM
Correct Set Pl=2.0 P2--0. 0

RUN KEY WORDED
NUMBER RECORDS RESULTS

NE-20 Chosen sets PI:I.9863
IS.:-i00

P =: 2.. 5 P2=0.0221
Ll-0.1
Ui -, 0

P2::O.O Sum of residuals squared 1.6 x
L2::-I0.0
U2=10 .0

2 * P1:I.98 Chosen sets P1-1.9800
L1-l.90
Ul:2.l0 P 2=0.0200
P2:0.02 lO_0
Ll:-0.02 Sum of residuals squared 7.8 x 10"

U1=.03

3 * NE:30 Chosen set: PI:2 0061.

P2=- 0.196

Sum of' residuals squared 6.1 x 10-4

4 * NE:40 Chosen set: P1 =2.0004
I S =5 0
SI' •2, (JO 11 - .001t )

Ll199 -6
U1=2.01 Sum of residuals squared 8.8 x 10
1 2=-0.0l
L2=-0.02
U2=0.02

• All other parameters the same as the previous
run.
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DIATOM appears to be capable of solving the wave

equation accurately. The level of accuracy depends on the

grid used. Also, DIATOM seems to be able to find the best

set of potential energy parameters for the system of

interest.

DIATOM is best used in a two step process. First, low

resolution grids and large numbers of steps through MINUM are

used to narrow the search region for each parameter. Then

the resolution of the grid is increased while paraweter

limits are reduced until an acceptable fit of energy levels

is achieved. Then MINUM is turned off and the number of grid

elements increased so DIATOM can calculate accurate wave

tunct ions.

Validation of the Program FCFACT

The program FCFACT was tested only on the wave functions

of the same harmonic oscillator problem. True Franck-Condon

factors were not calculated since the wave functions used all

came from the same potential. Therefore the factors computed

by FCFACT were the square of the inner product <- ij j> (i = 0

to 24; j = 0 to 24). For true Franck-Condon factors, i and

would belong to different potentials. Also, each set of

wave functions would be calculated by runs of DIATOM.

The square of the inner product was as expected since

the harmonic oscillator wave functions are orthogonal. If i

j then the inner product is 1.0. Otherwise it is zero.
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These results were achieved with a grid of sixty elements.

Thu square of the inner product was non-zero (.001 to .007)

between high vibrational wdve functions (v > 15) for a 45

element grid. These non-zero values occured only between i"

and 4j when i j + 2.

The s cuare of the inner product was also computed using

Simpson's integration rule over 1001 points for v = 0 to 9.

The spline coefficients were used to interpolate the 1001

points along the grid. All Simpson's rule values agreed with

those of FCFACT.

The non-zero values arose since the numerical wave

function only approximates the analytic wave function. The

approximation could be made worse if a bad cubic spline fit

is made to the numerical wave function. Still though, FCFACT

gives good results for high resolution grids of 60 elements

or more.

Program DIATOM Benchmark

Many runs of DIATOM were made in order to characterize

its CPU time requirements. These runs are summarized in

TcabIe IV-5. The typical CPU requirements of the harmonic

oscillator are presented. The first column indicates how

marty grid elements were used. Each grid began at r = -6 and

unded at r = 6. The second column indicates how long the

program took to solve the wave equation (RM=0, RW=I). MINUM

was not allowed to run for this data. The third column

85

.... .° .... ...... .. °•.......*% % .. °° . %"... - •••.°



RD-A±51 765 COMPUTER MODELING OF VIBRATIONAL ENERGY LEVELS OF 2/2

WRIGHT-PATTERSON AFS OH SCHOOL OF ENGI. P H OSTDIE(
UNLSIIDDEC 84 AFIT/GEP/PH/94D-6 F/O 2098 L

EmmohmhhhmlE~hhE~h momEEmhhhhmhhhh



liii - ' 1 3 2 .
1111 u111 2.2

ll
II1111!.25 111 .4 1 -11 6

MICROCOPY RESOLUTION TEST CHART

NAJIONAl AIIRFALI F qAWfMApl. 1)F 96

w. . . . . . . . . . . -



Table IV-5

-1
An Overview of Prodrram DIATOM's CPU Use

NUMBER OF -- iVF 0, '--]-- TOTAL ONE PASS OVERHEAD

GRID ELEMEINTS. TOTAL CPU SEC CPU CPU CPU EC CPU SEC

5 1.9 1.63 0.11 1.72

10 3.3 2.64 0.31 2.33

15 5,2 3.99 0.64 3.35

20 9.0 8.18 1.14 7.04

25 14.2 12.26 1.82 10.44

30 12.0 12.40 2.75 9.65

0 35 29.0 17.05 3.98 13.07

40 35.o 24.54 5.84 18.70

49 51.3 45.66 11.1.5 34.72

50 76.2 160.64 39.83 120.bI

55 1)1.1 369. 5 92.05 277.30

60 186.4 994.48 180.03 814.45
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contains the CPU time required for DIATOM to run when MINUM

was allowed only one step (RM=I, RW=0, IS=1). The fourth

column contains the CPU time between calls of the function

FUN by the subroutine MINUM. This is the approximate time

for MINUM to take one step, and is referred to as the "one-

pass" time. The fifth column contains the remainder of the

CPU time for DIATOM to run. This is the overhead associated

with the rest of the program and is referred to as the

"overhead" time.

To approximate how long a run of DIATOM will take (RM=I,

RW=0) use:

CPU time = (overhead time) + IS(one-pass time) (83)

where IS is the number of steps MINUM is allowed to take. Eq

(83) calculated the CPU time to within 30 seconds for the

runs of DIATOM discussed previously.

8
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I.7 .

V. Summary and Recommendations

Summar y

Four programs were written to be used as a set to

calculate the Franck-Condon factors between two electronic

states of a diatomic molecule. The factors calculated are

for v = 0 to 24. These programs are DUNHAM, EFIT, DIATOM,

and FCFACT. DUNHAM calculates approximate energy levels

using the Dunham equation (Eq (1)) and coefficients. Program

EFiT uses a least squares technique to find a set of energy

levels represented by spectroscopic data. Both programs are

used to build the input file for DIATOM. This file contains

the observed energy levels to which the MINUM portion of

DIATOM will fit a potential energy curve. DIATOM uses a

finite element technique to solve the wave equation and

calculate wave function values. These wave function values

are used by FCFACT to calculate Frdnck-Condon factors.

DIATOM has derived very accurate wave functions for the

single harmonic oscillator. Also, FCFACT has calculated the

proper Franck-Condon factors between these wave functions.

This program Let promises to be an inexpensive and accurate

alternative to the RKR-IPA program set. However, it still

needs testing and modification.

88

.....................................................................
............................ - .. ..................



Recommendations

1. Rewrite DIATOM to solve the wave equation in

dimensionless form. This reduces the chance of mathematical

operations exceeding storage limits (underflow/overflow

errors) of the computer. Also by adding a small unit

conversion subroutine, the user could use whatever units

desired.

2. The execution time of DIATOM can be reduced by

finding faster eigenvalue routines. Specifically, Dr.

Shankland has written one routine which should be

investigated, and used if faster than IMSL's EQRT1S.

3. DIATOM and FCFACT need to be tested against the

analytic solutions of the Morse potential wave equation.

0 This should be done as this work did for the single harmonic

oscillator.

4. Compare the results of this program set and the RKR-

IPA set for lead-oxide and lithium hydride. The RKR-IPA

results are available in Pow's work (16).

5. Move the program set to the DEC VAX 11/780 and run

under the UNIX operating system. This version of the

programs would be more transportable since both DEC equipment

and the UNIX operating system are popular in laboratories.

...
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Appendix A

Program DUNHAMV Flow

V4 ~ ~ ~ L 4A -Pk FL

b A~l OUT bE&' OUA~~t

C. WtA~t L OAW

hA-i

S. . .



Appendix B

Program DUN'HAM

c Fr~ .~x DUN'HAM'

c Ve-r i on: ED i.01 ).I3

c Authcjr- Pju I H. !-tI=;L 1

c Air- Fcr c: 1xi,titut.- LuI i.~.o
~irc~t-~tt~>.r.Ais FurcE L"a: Gh

C D,..t Ptor.: ;:1 ZEAapproxrnlcte wnr'~-:y 1eve1u

ror, di~k.toiaic niulecul.. uti 1n . th. Duiihr, equation.

1/0 ori~i Jijt 6 - output 1j~tII15 file

11 1- input. f Iite

-- output itr ii

C L%!k. diaL 61

1'I--nrer9/ lwvel output filw

cHAk-ACTER*2 (NUNLER (0: 25)
CHARACTERP*2( FHCiiER

I 'IT ECL.R I , J , LVLL',IT, VJI]j, VILLMT, ROT, KOIfLIIT, EVl1U67c.)

fidIE AL SUN, T : 25, 0:2-I) , Y(Cj:9, ,0: 9) ,K01:25)

t RV 1 (C:2t5), ELVL c7'), DE U I L

C i'i.:(:'N / HDr./' HiEADE R

COP'IC:' /DAT/ Y, DI2QUI L, VIEL!'IT, ROTLO'T, LVLLI,1[r

DAt NUvILCR /'','','',0' '04', 'U' L, ''Y'', 06 09

* 2 ,21',2 2, '24 '

DATA RT /3.r) 1.0, 2.0, .0, 4. C, b. 0, 6.0, 2.0, 8.0, 9.0,

20. 0, -1 0, 22. 0,.'2. 0, 21. 0,2"). 0/

I',,f A J.V Ib /0., 1.0, 2..0, 0., 4. 0, . 0, 6.0, 7.0, 6.0, 9.0,

£0., 1.u 120,12., 1.0 150,16.0, 17.0, 18.0, 19.0,
* 20uU,21.0,22.0,23,.0,2-4.*0, 25.0/

-------------------------------- Open the~ output I i'tiiri9j +i1w, przinL~

the h~cidvra, trid b tcsr t ur, =t ta

CALL HDRD£.LIN
B-i



c----------------- - -K , the i raput t i I (ui It iIl -to

c the c.ontral Pali Alw~' misa i a

%CiiiL. iHDRDUha

WR:ITE(1,C)

i 7 C FORMAT '1 Enrtie T (v, I (T-C' iit potttI'.A 111 lajliluaW ,

- -------- - ----- F ind tli Durtriima Equat iors erit~r-,y

C TkVII3,ROT) NFltivic:

c VI13 i~a thw vibr~±tional quaritua

c rLimber of the currenrt 1 trvwi

R I i . t t Cjto~,t oricil quQ~iLLuaa

C ruabv.tr- u tht: cu.rr xiit 1 tvel

DO' -10) Vlb-), VIBLI'T

DU O -30 T=CO,RUTLMTl

~U 0 0

- ------------- -- -- -- - - - : uml (CIO 1OCp) 1IdI I W5~ id/ var/

f I Ori 0 to 9. [i,- yi.e1dt ti-~ iirat

10~0 tt--rrnt cif thL- Dun.Awiu Equat ion.

D;20I-,"
DO 10 J -C, y9

I F i . Eu. 0 ,Hd'iJ. J L L4. o) THEN

1* ~UM +- Y (I , )

EL -E

!F (I .E(:. C) tiU J .NE. 0) THEI'J
5SUN - SUPI+(Y IJ kioUT (ROT) **J* (RRUT (RUT+t1 .0) -*J

E LSE
IF ( WEIJ. U .MIIJ. J . LU. 0) THENJ

UPI 'Il +- ('j(1,J) * Ck\/.I(VID) + 0.5)**I)

L LE
-6Uil -iC6 ( i , - -F ViB .5

Af-hOT(RtJT)**J*(iRT(ROT)+1.O)*.*J)

E ND I F
ENr~D I F

ENi 1)1 T

ICC CC'T I UE

-C ----- - -- -- -- -- --- Trara~iftr the acumula~ted ium to T

WRITL (, S-)VIL, R01 , I (VIB,RCJ'I

ILC-i FOJRMAT ('IC'2, ,,')' 65)

- C. C ONT INUE
c ii r I NU E

------------- --- - - - - - - ----- Ti-r t~t: OILUhIALed c-rat/9
I v L-'I T(V Iii , RC)T toa E L V LI

B- 2



I0

Dlu --0 F'OT-O,ROTLPIT

1 1I4 1

LLVL( I 'I (V -",KCI F)

EVIB ( I)

EPGI (1 I' RO 0T

0 C.2rJT --NLE

0 - (tht: di~sOiocitiors enrg~ry)

L L VL 7 ) &LIJL(1 ) DLEQGUIL

I. F E ( I -- , 1 Z 0 ) H-E A1)E R
1C1 F 01' MI ( ~urih.r EL.k-tioia Ltii-'-j/ LcveL-t ,IJU

Dnl $0CI I, LLL1'IT

t;. I TL (U I IC: LVI b ( I LEkul ( I LLVL(1)

-------------Fut the enwi-3y levelt. into cin

C ouLpuL tilt. (wait 14).

Wv I TE I -i,141UHLDLiI 1 ELL

I~~- FPIi T V'AGJ,.7

C - --- - - - - - - - - - - - - -Clutv the- output file an~d run

CALL TkLUUN

9 l -Y LI-ID

*AOD, kiI~kDUN~
*ADD, RDRDU[N

B- 3



C-
C kutojr;w: PUBaCU] .I4 JLRDUN

C
- Vu-r'. ior,: CL. .13

C A. tJLr Pi± 1 H. I Ldile" "

Air Foi-t!o Intitutt ot Teczhrology

L Wr 19ht-PatturEoun Air Fcirce ba-Fe, UH

C H).Rcr, L.Lr, HDFDIJN opttoia th- outpuL 1i tLtI 9 file (IUJILl Uritt

C I3 ! tid CJ) -F1 i t ll t-. CI'U Aind VJ.1 I t iaiW u=
,C = t I Lt 1 C:L

C

i :'iL T !IfE HDRDUN

C tQ iA,:CTLkH*12 P'I' .

[iIITLut.R - , D,;rE--(3) , I !I'IE(3) , IUbLk<'I)

-L; ' ' -A. Oc. 13'. -

FCII = ' (,F/84D-oi 1 .

--------- --- -- -- -- --- --- ---- --- --- ---- -- Irsitiate thw rur, tttibtIC5.

CALL BTINE

CALL STIME

C ------------------------------ Get tht Current date, tijov, and

C user nam[e -for output on tht hiadwr

CrLL DATE(IDAYE)

Ci,L_ L TINE (ITIHE

t._L L , StL'Kli4 ( ILUL-E i)

- - -------- -- - - - Ljp. ther outp~ut li, titc f 11c atid

C vi- itt- ut the hiadt~r

OFPEr1 (Ul~i I -6)

WF'! CL (1:, 101) 3 U LF, VL-R.N, IDATE, FCN1, ITIML

I "lA-r (' U ~ "- ' ,-4 ,3Tb1, 'Air Force Iil~t Lute Oi Tl-lhlio9> ,

SI, ' Date: ' , 1AT1I4, 'PCN: ' I;,

T I, - A 1 ,4 1)UNH IA 1, 1

B-4;



ENDIF

220 CONTINUE

ELSE

IF (SCOREC2:tb) .EQ. 'LVLS') THE14

C----------------------------------- F ind tht: correct 5tatte numer, xx ot

C LVLI,,x tir xi'0'to 10U' and

C Co~ r%E-pr~u to STATAA aUoVe.

DO 250 I=1,10

IF E~~E5~.u. I1aT.I)r~

------------------------ O~rit how m~any ie.vele are a~tociated
with the Etate xx aria record thL-m in
sl'AlE (xx, cournt

DU :2--i L -COL,?i

IF (*.-CURE (L: L) .NE. 'THti'l
IF (IWAJ~ (I) L'r. 2b) -[HEW

IK:Nml) = -,C 1f.(L (L ) 4 1-'

STA IE(1 INLF(I))

E14DIF

C 014 1 IJUL

Ll 4L) I F

-. 0 Cul ii I 1UL:

F (LORE(2:7) .Lu. '$HIFIS'1) TrIEN

---- --- --- ---- -- HI4FU is tht: v~iuut dw~bred +or the

EL L

L------------------------------- Look for a ke-y*.vord AbbCDD where:
L: A & C 1A,.tih VaIUe5 in ;;TLBL

C BsE L DD i,,atch va.1uis in ScTATE.

FOUND Ft i-,LbE.

-.--------------- Luok for p.Art A.

D~u -- IU I -I 10

1I- Coi(2 .LU. -'TLLI) THLN
CU I1 I SCURL~22

I LLL.I

D-8



E:TLBL(I) =

NINST(1) 0
DO '- J l " I

-ETArt(I,J) - O

7 C T I NUE

l:O 5 I-1,250

DO 4 ]=1,25b0

LINE(I,J) 0
W{fIChT (I,J3) ::0

4 CbIT INUE
5 CONT INUE

---------------------------------- Upri the input data file.

OPEN (UHIT=II)

WRITE (13, 15Ul)

I;JUI FC, lIA I (/, '0',T31, ' lInput Data' , /,' ',T31, '- ' -

DO t0 K=1,1OUO0

C --------------------------- lrr,.fer a record +rum the input

file to the buffer SCORE.

r-AD (1I,1IOI,END 81) DCORE.

0IU1 FOfjmrIM (A 7 2)

WRITE (13, 1302) SCCFE
_0 _ FORIAT (' ' ,A-'2)

C ------------------- It (COREI I i a ' ', thrj SCORE
C should contain data and a valid

C .L. Vword. uu, see if SCORE(2:7)

Jues, cortaii, a valid keyword. If it

C duv-b, trar,5sfer the data from SCORE
C to the input variable.

iF (zCOFL(l: 1) .Er. '>') ]HEN

IF (SCORE(2:b) .L0. 'sTAT') THEN

------------------------- Ftd the corrvct btate number STATxx
C where xx is '01' to '10'.

DO 22u I1,10

IF (SCORE(6:7) .EQ. DIGITS(I)) THEN

DO 210 J=9,7.

IF (SCORE(J:J) .NE. ' ') THEN

STLBLtI)(1:1) = SCORECJ:J)

SETCNT - SETCNT + 1

GO TO 80

ENDIF

210 CONTINUE
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C Pl cD.jr.a: !L£UBRC'UT IHL RDREFT
C
C V.:r t:,i ci 6-4. U.1:5

Air, Fot-cq Int.tituktt of Teci~t~olOcj
C Wi-)t--PALtu.raurs Air F~rct: Baw OH

c ThitAr.: rootitiv open~s an intput fil-w (..rat .11) ind readf.
-11 r-cQrd. vi-thiti. EachA itzord re.W it. v.ortten to

Sb) . > i n coiluf.o. 1. The IL~i(ib cQfltcif

d-.tA rtf r-el)Led by a --aiw le word. AllI other
c )rd i t-re ciminirt5. Thitb routine uaeta

r eadii fria colum~ns b to 19 of the charactwr

r bl. COR'E utaing thte % dit dIL-criptor, Eito.2 into

SUERJUTINE RDREFT

*CHA;IACTER*l CUR.;T, SllLL 10)

CHARACTER*2 NUU'Ii62 6), DIGITS(C10)
CHAR~ACTER*-" F- URN

1liTE.L:-. 1, Li, J, L2, IK, SIZE, FCOL, LCOL, NIN ;F(l0),

CUF<LVL, LVLND, ILBL, SETCNT, STATEC10,25)

LOG.ICAL F-OUPWJI

FCAL L INE (2tOC, 2b), W,-:I GHIT(bO, 250) SH1I FT

Cul*iN0i-i /II'DATA/ LINE, Wc.1GHT, SIZE, SlHIFT
-110H / LABELL' / I,- LiBL, CUR'-.T

CiIiu4/LLVEL-./ NINcSI, ,;TATE, CURLVL, SETCNT

DM1 (7IJ13 TS 0' 01 Ol u3 ' U4 u4 ' , ' ,c" '02 ,~ 1 ~' 0'

c.---------------------------------------- 1ri t ia I xz tfm- intput var u.

..;,rc wr o
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L

c 1 r r :.-y 1: 'iUbkLU-1 l1L HIW<LFI-
r

C V.r Icr-: .. . 13..
C

C PUthcr Paul H. CtAdik "

C

- Ai" Force Ir-titutc c f 'I-hIo1 0j/

C r. r~t.-fiter~on Air Fos ce B";ae, OH

C

C Lk:_cp.1r" L IJriF h, triv output ii'taroj file (luqazl_- unltb

I., h w , t t% CPU atnd wal 1 timv ue

CU£r,.uU1 INE HJkREFT

CHAKAC IER* VERONq

CHARACI L*I-73 PCN

MtIJLULtRL*3 IDATE() 1rHE(3), IUSLR(4)

PCN ~

-- --- ni te the run Statlf-LL5.

CMLL LTI'IE

LhiLL 11

C --- -- --- ------------------- - -Gt the currert date timce, and

uber name ior output on the header

CALL DAIL(IDA1E)

CZiLL IINPC(ITIIIE)

CALL U'T-iEKIJ'J(I USER)

------------------------------------- Oper, t utjut littirrj fit1v arg

gdr"it u. tIle 'ezdt.r

C'F L!, (Uli 11-13)

OPEN (UHIT=6)

WRITE ( 13, 1301) "U_.-C, VERSN, IDATL, PCI', ITIME

i::± I-UI.iift ('I Uir: ',-4A3,T5I, 'A r Fur,e Irti tute of Techro oy',

+ T110, 'Ver.ori 'A
• ~ ~ r , Dt-: T,+3 [114, 'PCN: A IS,~

i , ' "rim : ' A S ,162,'EN LI(.Y FIT' I , )

9'.99 RETURN

END

D-5
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DO 190 I=1,SIZE

X(I) X(I) + .A-IIFT

I L' CON TINUE

WRITE (13,1303) SHIFT

1303 FORMAT ('IEr-rjy lev-l: ,ihifted 5u lowest level is ',G15.7)

WRITE (13,1302) (X(I),I=I,SIZE)

- -- Wr ite the energy levels to the

C output littin9 (unit 13) and an

C output file (unit 14).

OPEN (UNIT"14)

OFFSET 0

WRITE (13,1312)

±212 FC.RM4hT ('IThv tri-rgy levels for each ttatt- are:')

DO 400 1-1,',ETCNT

WRITE (13,1310) STLBL(I)
1.0 FORMAT ('OLt-vs tw I tt5all ,tAI

DO 410 J=1,NINST(L)

WRITE (13,1311) SIATE(I,J), X(OFFSET+J)
I~i; FORIAT (' ' 16,G15b. 7)-

WRITE (14,1401) NUMBER( .TATE(I,J)), X(OFFSET+J)

* 1401 FORMAT ('>V',A2,'=',315,7,' ; '4

410 CONINUE

OFFSET = OFFSET + N1NST(I)

-4 0 0 CONTINUE

CLOSE (UNIT=14)

C C-------------------------------Cloe the output file and run

C ttatist IcE.

CALL TRLEFT

9999 END

*MDD, RDRLFT

$ADD,LVLEFT

*ADD,HlI<EFT

'AbD, TRLEFT

D-4
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IF (I .EQ. J) THEN

A(I,J) = sQRT(A(I,J) - SUM)

ELSE

A(I,J) = (A(IJ) - SUM) I A(J,J)

END I F

110 CUNrINUE

120 CONTINUE

C -------------------------------- Solve the equation:

C LY = B
C where Y L(trairsbpoe) x X

C anrd it atorted ir X.

DL 14u =1, ('1IZE-I)
SUP = 0
DO 130 K=, (1-1)

SUI = SUM + (A(I,K) * X (K))
I0 CONTINUE

X(I) = (B() - SUM) I A(II)

140 CONTINUE
S ,IZE) = 0

C--------------------------------This is a co'i-itercy check.

SUI- 0

DO itO KI,(bZE-I)
SUI = SUI + (A(5I ,K) * X(K))

150 COi4T IIHUE
WRITE (1 , 3 ) -

i,0 4 FORIAT (' Co5i t'tency check... '
whITE (13,1301) SUM, SIZE, B(SIZE)

I SI FORiAT (' SUM ' ,515.?,/,' B(' ,12,') = ,015.7)

C R------------------------------Rcover X trom 'e (storud in X).

I C 170 I= (SI7E- I) , 1,'--1

SUM = 0

DO 160 K=(I+1),(SIZE-I),1

SUPI = SUM + (A(K,I) * X(K)

I do COHT INUI
;3(I) CXC×I) - UOi, ) / M{i,i)

70 CONTINUE

C ---------------------------- Write out X

U I, 3 di, i305S)-"

I C- 1,LR1iAF (/, ' Unshi+ted erergy levels arte...')

WRITE (17,1302) (X(I),I=I,SIZE)

1302 FORmt , '>' ,G15.7)

C -------------------------------Shift the energy valuer.

DO 180 I=SIZE,,-I.-

X(I) X(I) - ":(I)

O COlI4FIIIUE"

D- 3
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-- ------------ ui I d A'If d imcjon I t5 AX=B.

DO 30 K=1, ;IZE
SLIMIN =0

DO 10 I=1,SIZE

1I CONTINUE

DO 20I-,SZ

3UMCUr - LPNUT + WEIGHT (1, I)
20 C UN T NUE

h &K,Kt) = S.UI1N .,aUPIOUr
-c' CONTINUE

---- ---- ---- ---- ---- -- -build nora-diacgunals o+ A.

DO 60 I=,.IZE

DO 50 J=1,U(-1)

A(J,IK) - PAW,J)

~0 CONT INUE

0u C 01 T 1NUI

C--------------------------------------- Build D

DO 90 .,IZ

DO 70 J-1,SIZE

ZI.UIIOUTr SUMOUT (WtE1GH-T(K,J) *L1HLiK,J))

U CON4TINUE
SUI'IN =0

SUI'IN = SUII + (WLIGHT(J,K) *LINE(.J,K))

bL, L0O4TINUL:

B(K) = .-UfIOU.I -UP1IN

'90 CONJTINUE

c -- - - - - - - -~ov for X

*C Firtt utw Cholteky dwLDwPOtaltiof to

L; 3Lt L (titored in A) tucrh that:

* .A L x L(transpote).

DO120 J=I,SlZE

DO 110 I=J,Z-IZE

DO 10K,(J1

IF (I .EQ. J) THEN
SUM' SUM + (A(1,K)*tX2)

ELSE.
SUM' f:SUl + (A1,K) *A(J,K))

E NDIF

100 CONTINUE
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Appendix D

Program EFIT

C

C Pr ogrim: FIT• "-

C C Ver i Uri L34 .'.

C Author: Paul H. ODtdii,

C

C Air Force EAtLi tutu o-i lthfc #i oL9y

C r Air Fuir -e Lt , OH

C

C Dtt-criptioi-: Thi prulrn ulas A least tquares twchnique to find
b C the uet of tnergy levels that best fit a set of

C =P% Ltrotcopic ti"..hliltion lines.

C IlO 10logicA .rit 6 -- output lastin9 file
ii -- input iile

"-- output libtnl9 tile _

C~~~t (~ti ~unit 6)

14 -- rriry level uutput fi i e
C

C---------------------------------------------------------------------------------------

PROI3RAI1 MAIN

CHAHkACETk*1 CURS T, STLDL(10)

CHAiRAC [ER*2 NUMBER 0:25)

INTEGER I, J, K, S1 E, 14INST(1O), STATE(10,25), CURLVL,
+ SETCNT, OFFSET

REAL A(250,250) , X(250), B(2tD) , SUM, SHIFT, LINE (;5O250) ,
+ WEI(jHT(250,2t5O) ,UIIIN, SUMOUT

C c'i'100 A

COIIOI'N /IDATA/ LINE, WEIGHT, SIZE, SHIFT

COMMON /LABELS/ STLJL, CURST

COMMON /LEVELS/ NINST, STATE, CURLVL, SETCNT

Lk'A 14UPBER 1'00' s '01' ,'02' , 03','04' ,'05' ' , 0 ,

' -0' , '21' 22','23' '24' 25'I

C ------------------------------ Opet, the oULjut li tLih9 file, print
C the header, and start run stats.

CALL KIiREFT

C ------------------------------- Read art weaured line values and
control para meters.

Lt"LL RDREFT

D-1
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C.7

SAiFT tW.

LLVEL.

0LTU ln~ Wbwt
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Appendix C

Pro-~rari EFIT Flow

AAT
6.7I .~t4

R F FT

z 6

-'-bATK FLOWd

V., 0. .

~ .. .-... *. -...



A, °

C
C 6r gr ff ; UbROJ-I-lINI "F<LDUI14

C Vt fr- U : : .Ou. 1L; '

C -t r- P 1,_,. H. u .td1I L,-

C Air Fwr-c Lr tit,_£ o+ rof ch.,LLoc),

- Wr .yIg.t P LtQriiujn t . For'cta, OH

C DL'.-i, tiol: TKLDUN c Ii-e. thw output IittI9 I t Iv (Iu9Ica

u t 1: ind o) anid th, iZPU cxrid wa 1 t

C

C-

cUBFOUT INE TRLDUN

C ---- Shut down thw run ttati=t1c5.

CALL ETII'IE
CALL WTlIPE

c------- ------------------------------- Clo';-t the l istinr9 outputs.

CLOSE (UNIT-I3, TATUS 'KEEP')

CLOSE (U.1T=t)

*.Q9 F:ETURH
E 1,,-:)

B-8
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READ (SCORE(6:20),C(E15.7")') YCI1,JJ)

E ND IF

END IF

ENDI F

ENIF

END IF

ENDIF

30 COf 011 1UE

C----------------------------------------- lo~e the input file.

- ,1 CLOC3E (UNIT=iI)

9995 FEiTU K I
END
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C -- - -Open the inrput data +i le.

OPEN (UNIT=11)

DO 30 KI1,1000

C - Tracnster a record trou tht it-tout

C filte to the buffer SCORE.

KEAD (l1,110i,END=31) SCORE

1101 FORMAT (M72)

WRITE (1,1302) SCORE

1302 FORMJAT (' 7,A?2)

C - --------------- I SCORL(I. 1) iY a ',>', then SCORE
C should contain data and a valid

C keyword. So, see if SCORE(2:4)

C does contain a valid keyword. It it

C doet, tr,.nribfur the data from SCORE

C to the input vAriable.

IF (SCORE(1:1) .EQ. '>') THEN

IF (SC(JUtL(2:-i) .EC. 'VIE') THEN
READ 20E620, I5' VILLMT

EL , E_
0 -iF (:CORE(2:4) .EU. 'ROT') THEN

,.EAD (SCORE.(o:20), ' (I15)') ROTLNT
• -. LLfSL

IF ('z,C KE(2:4) .EQ. 'LVL') THE14
READ (SCORE(6:20),'(I15)') LVLLMT

ELSE

IF (SCORE(2:-4) .EU. 'HDR') THEN

EADER(1:30) = SCORE(6:35)

EL'SE
IF (SC kEU :4) .EQ. 'DEC' ) THEN

READ (6CURE(6:2U),'(Ei5.7)-') DEUUIL
ELSE

C It CO L(2.2-. 2) a 'Y' , thwn 'COkE

C may coitain a Dunham Coefficient.
C U5e DIGIT to find which one it i .

* F (SCORE(2:- ) EQ. 'Y') THL1.

DO 10 I=0,9

1F (SCORE(Z3:3) .Eu. DIGIT(l) ) THEN

II I
END I F

10 CON " INUL

.* DO 20 1=0,9

IF (.CORL(4:4) .EU. DIGIT(I)) THEN

JJ = I

E N DIF

20 CONTINUE
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LL

C A~utksci: Pa~ul H. Qstdit Ak

C
C Air ForcL, Illttituktt? ot Tcchricilogy
C WrLht-Pcttte:-tLn Air Furct L$ast-, UH

C 1, -r Dr j pt on; routine opentI %rs input i1k: (urnit 11) cifld reads

0.11 rzecQrd . within~. ELzh record rea~d is w~rittenr to

thv orutput Ii5tinq (un it 13). Data rwor~d, are
C m~ar k ed by / a >' in column 1. ThL:5. records contain~

C d,,z re+uerenced by , 5inc~le key/ word. All oither

C rezzidj a~re c~iidered comaraet-it. Thita routine uses

an ianterrna1 re .d, eg READ (--C0RE(t:19),'(Li5.7)') X~
c iead~i r om cuiurnr,% 5 to 19 ui the ch~i~citer
C ventixile SCORIE usiraj thtr tdit de riptor L~. irnto

L fie r vl /,Ar i b It X.

SUBROuUT INE .L~U

CHARACTE~k*1 DI6IT(0:9)
CA: iHFACTER*30 HEADER

ijkACTEF; i7 SCORE

I r L-c L-i< 1, if, J, JJ, LVLLM' r, kCJTLMT * VILLMT

F: AL YWO:'0,0:9), DEO UIL

C:I I'J /H)R / HEi-DLiR

CQ-'I'I10(N / )AT / Y , DEQU IL , V1I 3LI-1T, ROTLM'T, LVLLiI

DA7A D 3± F / '0', '1I',' ',' ' ' ' ' , ' ' 9

0 ~~~WFITE (13',riu t' I '',T1 -- -

C----------------------------------------- Iriti~lize the input variabite.

,11BILI'1T 0

0 FROTLM'T -0

LVLLMT 0

)LI '4 J=0,9
,0Y(I,3) 0

CONTINUE

9 OLN1I'iU
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- -- -- -- -- -- ----Lcjok i-or pj~ t bib.

IF- (,.CUkL(!L:4) .LU. 14UP1IZ2W(I)) [HLW

(F(I-1) ELU. STOATLL1L L,J)) rhLW
CUI<LVL. I - I

C - - - - - - - &ubc.utiritv LViLLFT rwturrizi tist.w

0 ~absuu~tv Iwv%= nuiLwr (LVLNQj) i-or cm

C for a 1vtrn I 1eii r~wiaLivv tco

C 91VWIv).i ~f1tfcriLLt.Latv

CALL LV'JL[-i LVL14Gi

Li -VH~

IF- (LI .6-1. S.I-L) SIZE LI

G u '0 '211

C rliJ) I HF

------------------ ---- --- ---- --- ------- Lock f or part L.

DO 330 P-I,IO

1i7 ('ZCLKL i : ;) . Lu. "-.ILLL I) I Hii

I LLsL I

L - - -- L. ior- pairt iji).

I i (C 6 RE cj:' L Ui NUML _- 6 1J THENq

fLO Z>t J=~1,25
IF((1-1) ED. S~rATiiILELL,J)) THkM

CL)1'LVL = I - I

- - - - - -- .ubrout iri~x LVLEFT i wtur r trace

L.~btuute levI rsui.,r (LVLNLJ) for a

C 1-or a givt, leVel1 raitlV, Lo a

L C yivuri wlec~uiic L-cie

CALL LVLLFI' LVLNO)

L2 =- LVL140

ENDT I HUL

I F (L:2 --,I. S IZL S L2

uu~~ =. TUL.
Oul fo 31

c :rNi INUL
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--- --- --- --- ---- If " correct k )ywcrd ha=~ been found
C for L tranr.-itioi) fromg Etate 'A',
c level 'BB' to ttte 'C', level 'DDA'.

c Now bwparit t he va.1ue for the

c ~~tr ;knsit i ni i r~ frun i Um we i -ht iricj

f Ltut rhl, ar twpcr-.Atwd by

I ~IF (FOUND) IHLNq

FCOL =0

LCOL = 0

Lo 40O J-Y ,2

IF ( CLUE(J:J) i. L-

FCOL 1

6 CU TO 41

0 ~c ci iir U UL

-41 IF (FCJL .C.Y. 0) TH-LL'J

D~jtu J FCO:L, 72
li: (5COFZE(J:CJ) L-U. ' OR.

-~~ -COFRE(J:J) .EQ. ' T'HIEN
L%-CL - J - 1

G3u TO 51
ND I

FOR FP':4) - NUM'B2 (LCOL-FCOLvI)U (1:2)

IF ( (LCOL-FCOL) . LT. 6) FU JPo(: 6) FUKM'k4:4)

-- - - - -- - - F u urd t I v va t t f u th e t r iisi t i r6

C Ii I Ie

REALD S CCAREWCOLLCUL,FORN) L1LNE(LIL2-)

FCOL 0

DO 60 J=%LGOL*1),72

11 (7-CURE(I:J) WNE. ' AND.

4 S~~kE3: J) . NE. ';)THEN4

FCOL = J

60 TO c~l

ENDJ I F

-'CaIJT I NUE
IF (FCOL .GT. U) THEN

DO 20O J"-FLOL,72

I IF ( C ORE (J: J.CO. I tLEN

LCOL J I
00 TO 71

E rNDI F
CON'TINUL

'1 FOMI'FL.:4) - NUI'L26(LCUk-FCL1) (1:2)

6IF ((LCUL-FCaL) .LT. o) FOKI(ec:c) FURPI('14)

D-10



C ---------- --- Found thm valur for the wei9htin

C factor.

kEMD (cCUN<E (ICOL:LCOL),FORNl) WEIOH'I (LIL2)

ELSE

C Did riot iind a vAlue for the

C weightilng factor, to it defaults
C to 1.0

WJIGHT(LIL2) = 1.0

ENDIF

ENDIF

ENDI F

hi ED I F
END IF

EEND 1:EN U IF

L0 LCI I :'JUL

-- ------------------------------- Co'bt, tile i put f IlW.

CLO E (UNIT=1I)

.; y .I URI'

END

00

D-11
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I- ,,j -jr : &Uu k Li i I NEL LVLE FT

c Air Fo~rce i- L iLtLLe: c; t Twchrao Iogy

c A~i-~tt-~1 iir Force Bci:4w, Oi

c Th i ti r Th kA Lciutire re kur rit; din abao Iutir wrirr y I Lev.:i numsuer
C uted by LF I F f iQm t ht enclt cjy i t w nuwbtr CKULVL
C t ha t 15i r-Lulativt Lcj trice electronic 6tEate LLJJ:'~b.

----------------------------------------------------

lUiI<OUIPNL LVLEFT (LVL[40)

C~i~ACIL~*1 U~A TLBL(10)

0 Ii'JTEGER STATL(Uo,25), CURLVL, 1, J, LVJL14L, NlNzoT(1U),
O'FFSET, S3ETCiJT

CLIUMN /LiAELb / zLTLEL, CUR'L>f
C 11,11i10i4 / LLVELS / l'1i'JIC.i, STAlE, CURLVL, 'Z.ETCNIT

*---------------------------------------------------- Phdtc~r thit CurrtrnL 5t~te with State
c i STLI3L.

IF- (4-;LiL(I) .i CURkT) THEN

C------------------------------------- Novi match the curr-witt ievei with a
c level in fiTATE(ratate,leviscl).

L - 10OJ=1,NINST±i

IF ;SfArE~l,J .EU. LJRLVL) THEN

L-------------------------------------------- LVLNO iti the abtolute level number.
C The level numiber iii CURLVL is
L relattive to the btatL- in CUH61'.

LVLNO OFFS- 'r + J
GO TO 91.99

ENDIF

10 CONTINUL
E L . L

* OFFSET =OFFSET + NINST(l)
LIJ JI) I F

*~ U141 C0 1IUE

* ~ K') fLTUI\N

Ez141)
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C

C Pr L)cdI W.II: :..UI\ULI I I L TiI<LEF~r

C

C Authur: Paul H. 0! tcie[

C Air Force Intititute o+ Techraolocy
C Wricjht-Patterfor Air Force OH-

C
C Detcriptio:: TRkLEFT closiet the output li5tirI9 file (10JIcdi

Cunit-- 1:; an c) anid tLpb the CPU arid iall time

C

C--------------------------------------------------------------------------------------

S -UBROUTINE TRLEFr

C -------------- --- -- -- -- --- Shut down the run 5tati~atict..

0 CALL ETIME

CALL wriMlE

C----- --- --- ---- --- --- ----- -- -- -- --- Clo!se the lititin9j outputs.

CLOSE (UHI-lI,STATUS3='KEEP')

CLOSE (UN'IT~b)

9999 RET URNI
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* Appendix E

Program DIATOMV Flow

~.TA>AfA

sI , , ,, r

kK Z-0 FuX

~w~T ~fl~ A~bS.A1.L

I

....................................

~~~~~~iI ~ ~ ~ ~ ~ ~ :,~j L .. ...-.. . - . -*..



2.NF 3LpciN Ar

Oi.&re~uT 

?'-A~4

a wrt, PLPw.OT

CALL%. &ATIAE

7i-



Appendix F

Program DIATOM

C.--------------------------------------------------------------------------------
C
C Progru am: DI ATOM

C Vera on 4. 11.Q "-."
C

C Author: PaulI H. Ostdiek
C

C Air ForLe Institute ot Technology

C Wrxcjht-PAtterton Air Force Bane, OH
C

C Dt,criptiorn: This program uses a finite element method to solve
C the Schrodingcr wave equation in one dimension for
C dj*toriic molecules. A nion-linear minimization

0 routine is used to lind a set of parameters that

C de-crib2 the potential energy curve that best fits

e.perimentally observed energy levels.

C

C I/O Iorical unit o -- output listing file

C II -- input file
C 12 -- energ/ input file

C 13 -- output libting file

( ame as unit 6)
C 14 -- random number input tile
C 15 -- rwidua plot file
C lo -- potential plot file
C 17 -- wave function output file

CHA-., C1ER*:'2 STLBL

IN[EbER ISTP, IPRINT, JR, JG, JA, JJ, EVI'ICNT, PARMNO, NELIT,
t HOEV.L, JOlN, 14, PR, F-P, EVMLVL(2t), NOPNTS, LEVEL,

.l, RW

IIJV1LUE*c)t IU, 1X

REAL LVII(25), STPZE, I'ARR(IO), PARMLO(IO), PARI'HI(1)), A(70),
LEGIN, EVAL(202), LVEC(202,202), H(20O3), f)(202,4),

* LVNW(2'), RLND(2b) , CNST(1O), NOIJE(01),
+ FSIVAL(202), HIBAR, MU, MIN, L(202,4)

CON1,1i /ENERGY/ euM, EV'IW, RESID, EVIILVL, EVMCNT, STP-SZ ,
1ELMT, ,BGIN, HBAR, MU

COMIMON /PARIIO / PAR;', PARMLO, PARMH 1, C ONST, PMRIINO
CCAIMON /EIGENZ/ EVAL, EVEC, NOEVAL, JOBN

CrHHILIJ /IATRIX/ H, W, L 1I

COMMON /WAVFUI'i/ NODE, PSIVAL, NUPNFS, LEVEL

COr, -;ON /CHtlLbL/ STLIL

E.: TcHIJAL f7UN

F-i



- tthw uutpu~t Iitin f i i, print

L.the headtrr, and -tast runi .au

C - --- d the i rput f i lte: fur cuitrul

p ~i~dr meer s i ru daa rd no

C~iLL RLAD~tr (IiU. 1,., ISIFP, IPtkb'JT, JR, JG, JA, JJ, PR, PP, RPI, FW)

Hi:* .K !I N . 0, rHLCIq

C -idthe it ct p.oteni"Iil wstergy

c ~p-Aram-i-terta that '31ve: the be,.t
c leait sqcxire fit of wt;GLuredc

C And calculatied ener-y valuti.

CALL 111UP'

C - -- ~ Ptthe cur-rvrit ran~domi nunibwr

C ,2rirator* ta~- i rito a + i Ir fur utaw

C ora the next -xiecution of thita
prograim.

L~tLL PurF-ND LIU, 1;,

I1: 13 i4L. 0) THEN

-- ------------- -- -- ---- F inrd the iorwial iztrd wavic furLL i onia

that corrwe porid w.ith thr cLAlCUlattU

C en~ergy level-.

CALL WAVL

'L.E

c----------- ----- ----- ----- ----- -- Cre.atv the uutput li!.tirig and filebi
with residual and potential plot

C dat., arid the wave, furict ion ..

.:ALL ciUrpur (Pw., F-IF')

F- 2



- - --- -- -- -- -- -- -- -- - -CIcU.1 U tht: Qutp k.t if~ a~

CALL ite~ILR

*ADD, HLADLK

4,,,iD, L I ULil
PtELD, C LCTL

*1LV , iC-F.MAL.
L- C OUTPU i
D C- 7T f'j I-

t 5L D, P I ; IT R
f. L i L T RL -3. 

.
I- [-.L'- VLfF
HU .) "

F- 3



- ~ --- *-- --- - - ------- -- - --- - - - - --- ---- - - - - - - - - ------C . . . . . . . -- ---

F rcir-,i: SUbt<CJIiW'E HEADjLK

C Jr . I Uri: 1 .4. 11.

C
i ut hor F~u1 H. U .Lditk

C Ai±r Forct Jrttitut, L.f tzrL! q

C ir~tPdt~r~hAir- Fuc-L , OH

- t C p t I tUr. H~-iLL2F C~e; te Outpiut !itinc3 file (lo-aica1 unit!.
in .s~d c.-) ea(J t-t Ct-U rid wlall time ut~

c

CULBiOUT:NE HEADER

CHAi<ACTE<*E VERSN'

CHA~oCTER*13 PCN

"t-. Irl '3 04. 11. -u'4
*C14 " bP.4D~1.

--- --------- -- -- ------ - --------------- i.itiat~ tthv rur, .a l ;A =

CtiLL ITINE

CALL STIME

utf na., fur output on ti't headtwr

-- ---- -- -- - - - --- tho ou.tpLut I i~tinl9 +± i eria

OFFEl (UNI r--z-.)

Wid ITE iI- , 1:.'(1) ILK-E;, VER ;N, IDATE, PCN-, I i IN".
1 1 F C-1 1r1 Ar i ' , J. r ' 4ALbl 'Air- Fcurct: intatitutw at [wLhrialw~y',

I, Q, t. .. ,Ti, 'FCEJ '

F . T 64 , 'DIA [oil ,/
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---u q -~i - - - -- - - - - - - -

C,

C tl-a Ftjrcot Ir~ i tut 01 r~rro.j: u t10D/irc r

di1I r;_fwfiJlL--. b a.~hxi .iiql ktcoy wrd. Ai I' Lr~twrt

tI z!.. I~tLt i,. c, ricJ ut 19 f). o Lat a r-,izor~~

_ii ablot '_-CGfaCL( iicl the edit de~criptr ltp. 7 into

thu rs I vajrlabiv A.

C

2 ii MCTE" IK x jLI e161-1(: Y.
A i AC T C R LuCF- (9) kLLJLK~ NUPWIE ki<0:..)

l 41Lt_-L L_11]ik~' , LJIiCNT, 1, IPkIIJ1 , l.iF , j, 5-%, PR, PP,
JG, 33, Jkjs IftLPl, Fti~Nl-ii, FZ300T~r, FCOL, LCOL,

j 4 1LUk~ l-< j I J, I.

ENLK;, TEMP-,k>B5, EVPIW(25), CON.ST(10), HBAR, PIU

-v.INOCN /ENlJI','. EVP1, EVI'IW, RLSID, LVPILVL, EVPMCJJT, PI

-t I4LLMV, bEO Ii4, HLAR, M'U

COMMIION / FAIAH.1 fA!<',i, F.ARPMLU, PAfRN'HI , Cuj'J-T, F'ARM'NOJ

C~'If'Iuj /CHPLx L/ i3rLbsL

Um~i, iIC.

I)(A I A LJLIK ' NL 1 :. IF-' ' JR ', 33 ,J C, J m 1 ' , F< H' ,*i I-
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I JUL -

-- u w- - it teie Car, trcj ul P r-amttrr iput

C Fil-- -- ltIoyic L Utilt 11.

GF L.[4 k lUI i IlI

IX F&'RioAT tCi 0T24, 'Ccr, tr c I FPr Lw, tv~ t. riput F i~' i /

-- -- -- -- -- -- --- --- --- ---- ----- li ."nit r A t ecor d f rom the 1 rput

C fil to the buffer SCORE.

kLAi ( 11 , 1 1 I , LND=-u I ) '-COKL

W RI TE 1 11 C 2 S CC, HE

I _J2 FORI'lAr F

C------------------------------------i ,CUr',E 1 I1 it. 'L U',teri ';IC~kL

c bhVIU Id Loll tairn datat and L vmI 1 4

C kyword . Lo, 't if SCO(2.: )
dOwt LoLcigfln a Valld kvyvaorU. If it

to the input variable.

CF (ORiL Ii I) .L. >'- THEN
ii (C0W~~2 Eu. 'HB' ) THEN

I LE i) _- OtLIE (t: c/ ( 1 7 I b.'lL)i

EL ---
I L0f (iLL'L. L EU MW~N THTL1

L L

IF (2.rfi.~ LO . b6 '' THENi

IF (.F lL ( :2: :L).Z L . LO. )F ' ThEN

L L
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JO '. J-i,lc)

JAL, NU'ibLk(J)(Z2

Li) u T0

EL i. ,

LJK (1: 1)- ''

IFOC (2:0F 22 NjLk J 2~DC) Ti

IF~. TOGK, 40

ELSE
IF L. c ORE (2:2) LU. 'L') FHE[N

A.) 'Ci (11 j I, 1

fLUCr: C2) NUi~bLF(J ) (2:)
IF (-~L( Liu. RLUC[K) ItILF

6u TO 4U

LIII)IF

LL-'L

IF U.Ck(2; 2) CU. ') iL' ME

Du _'3 3J'I, 10

t-ALC,i( I I) I C'

IF (,_LIRL(2:.3) EU RLOC,\) -1HL1N

GO TO 4u

C ON T 1NUL

LL.,L

DO --) K-1,9

IF -CUE2:) L. LOLK()) THE1N

-~~ 1, C..I' I r:U

LPW~ I F-

Li W' I

[E. 141F
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C Pro,3rau: SUBRO'UTINE UNFOLD

C Ver zi on: 03.0.84

C Author: Paul H. O~atdit--L

C Air Force lrttitute of ltec.ruluo9/

C Wrixjht-Pttt-r .ori Air Force buite, OH

C D cr itiori: UNFOLD rucovt rta the cri9tirivectort v of Hv-t v=C0
ft aw thtz e i9wnvectorii y uf Xl-try=0 where w are

,UBROUTINE UNFOLD

114TEGER 1, .3, K, 11, NOEVAL

REAL EVAL(202), EVEC(202,202), H(20bO3),

S (22K, 4), SUPI', L (202, 4)

CourIIMO)I IEIGC.N=-/ EVAL, EVEC, NOEVAL, JOE-'N
CC'Ii'iOIJ / MATIX >/ H, St L , N

LO 0 I-I),

DO Z) 1I, I'EVAL

-.LINl - 0

DO~ 10 -,

(F1*+K) .LL. 14) T HELN

SUN) - S&L!I + (L( (I+ K) (41-K)) *EVEC( (1+1) ,J) )

10C CurT NUL

EVEC (I,J) (EVEC (1,J) -SUM) /L(!,-)

20 C -TTI NUE

L NN U
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c --- - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . . ,

C-

C

c Pr u,, .a: SUl:,R LIrINL FOLD.J

C
c Vw.r o, t, q Il Uri

C Authur: Pal H. 05t a1=,"'

c
C Air Forcv iritti ut=- of Technoloqy

W 'h t -F - ttr ~o r A ir F a -c~ w Bat.e O

C - I . . t Iof. : Th i. r out.. ..... f Ii.d .... ..i.r I . . .... ..re Z XL. .

C, vo Ii i ki . Lo r te i ri p 1 ovaf i n th a drr ty H.

llLKJT INE FCLD;,.

i [EL.,LRI I, 3, K, KK, LL, LLL, N

REAL H(20U'U3) , L(20,4), S(202,4), U 'I

crur,1IO'i h IIArI-:I::," H, g L, N

/LL .'J J I ,l
DO . LI,IJ

:-, ,I'I :- 0 . . .

tI,' Q0 K I,

LL J - K

LLL -4 K

IF (LL .CGT. o) rHH"

(I - (I-i) / 2) * LL

SUN'I SU'I + (H0\V) i L(JLLL))
fEND I F

C U NiINUL

K (I , (I-i) / 2) + J

- (H([.K) - SU'I) / L(JH)

3 0 C C, H T I N IJ E

> -, .£ T.PiJ

F ND

F-20
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C; r u-ii t..,a: 'Ui'.,L! -1,,L FOLD"

C \.Lr Z. Jf: : . 1. CU t

Ai Forc- Ini tttute u-r i eLhrit-" "

C W"rijht-Pottwr=u, Air F.r- OH

C
C D? c,-iptior,: Th.. fctiitr + ina a A jatrix Z 5 ch that H

01-tr ix Z ib turd it, pi-cv of H ir, the -rr.&,y H.

,LiER.UTi HE F OLDZ

Ii4iLC,Lk CNT, 1, II, J, K, KK, LL N

t : L:iAL H(20503-) , H--- (202, ;) L(202,4) , S(202,4), UlH

C OMlit'i-;1 / M 'i .1 >; '/ H, '., L I

L O 2 I I,'4

IF ((I-3-) .L1. 14) IH-tLN

CNI = I +

"UM u

LL 4 K

CNT - I -

IF (l GT. Q THL'

IF (II C)E. J) THENs

IK = (II * (11-1 2
SUM ' -'IZ UM + (L(ILL) H KK)

i F . . ) TLL. .A 1HL14

C.I, I = UI + (L(I,LL) * Ht-iJ(I I, (J1-) I)

EilD IF
El L I I-

j LJ CU. I II iL-L
• I . b-. J) FHEN .

K ;- (i (1-1) + 2) J

H(K) (HiFW) SUM) / L(I ,4)
EL.-E

K - (J * (J-I) / 2) + I
H-cb(I, (J-)) (H(K) - SUH) / L(I,4)

EII) iF

20 iC ulI F I NUE

30 C 0NT INUE E

2'999 FLTURN

END
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C Pf icjr Arri: LUBFIGUYINE GLTL

c V~r±~~ d411 . o

C mir- Furce Intati tute of Tt:chviajoq~/

C Wr ijht--i'_tterscjn Air, FoI~cL- bta: OH

_'. ipt 109. Th i _ routi.~ :tL tht intr i x S i ito a inatr IX L

C .. uch th.At S - LL (traritpam).

I U B i UJT ; PE E rL

i. iT L LLKI< 1, 11 ILI F[, J, LL., N

F E AL H (2 0 t) - 32 02, 4 t sUPI L 2 C)2 4

/Plir1JN IliTR1I' Fl , 3, L, N

ILI-IT - 4

Du 2.,' I I I I

DO 13 1 J ,I LFII

F (I . EU. J) THEN
uLIII -L(I,1,**2 + L(I,2)iEl tL(I,Sj**2

L( 1,4) SU OFTtL(I4) SUPI)

LL -4 - I + J3

I F (LL .LU. 2) THEP4

IF (LL .Eb. C)TILI

ID i f

LI L, LL) (b I LL) -SUIt) L (~J-4)

it' LUIIjI iNUL

T ILID (J,2)
Ii F II ECI. c0) THEN

ILI-IT - J - 4

EL'.L

11LPir +~ 3 s

C14DIF

20 WIOT INUE

99 F, rET U RN1

ENID
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CALL FOLDX

- -- --- ----- -- -- --- -- - r i I 3cj a d1 z L k ; t r x t. tui.r d i r

C H) t ati T ( .tforvd a LVAL, E)

CALL EHIOLL.'- (H, H, EVAL, E, E2)

---- --- ---- --- ---- --- --- - Find eigernva.luwt mrod option~ily

(jUbIJ4 1) the vi9erivectort. of the

p pr ab 1em: Xy - ()y=

IF (N~j.Z-V'L .Ci. j,) JJOEVALN

IF L1JbN .1--J. 0) THEN

C -- --- ---- --- ---- --- --- Fin~d th, lowetat NCJEVAL eiqvnrvalu.
of rnutrix T.

CALL EURI~TS tEVAL, E2, Nq, NOEViAL, Is W, IER)

L 1 L

DO 5) J-I,N

EVEC(I,J) - 0.0

CONTINUE

EV~ECiI,I) =1.0

i 0 CONTI1NUE

----------------------------------- Firid e1',tzeiviluv ind t.1gervectors

CriLL EcJRT2S (LE'JiL, L, 11, EVEC, 12, IER)

C -- - - - - - -- Rcvrthe eig9-rvctors of ma~trix X

C +frcom those of matrix T.

CALL EHOBFS (H, N, P1I, NOEVAL, EVEC, 12)

C---------------------------------------- UNFOLD rwcover5 thst ei9vrvectorb. v

C of: H v - e,.v=0

c f rta the eag erivec tiar y , computed ins

LVECTOR~ of: - 0
r: where v the L-i9~avalut..

CALL UNFOLD
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- - -- - - .- - - - .-- -- - - - - - - - - - - - -- - - - - - --.-- - -- - - - - - - - -. -

C

C FPr-c,,,iw: : Ub UTIIiL EIGEN

C
C V .r_,±,.,: -'. 1 .30

C Author: Paul H. Ostdiek

C Air Force Institutt of Technolo9/

C Wric3ht-Pattwrsonl Air Force Baciaeq OH

C

C bc riptior n Thit, routirait finds tht eigernvalutes anid optiurially tet

C e ierlveLLor . (JOB4 h1) of thv generalized eigenvalut:
C pr(cbltr, Hv-eSv=O. This is done U~in9 routines GETL,

C FOLDZ', FOLL)D, UNFOLD, and IMSL routines EHOUSS,

C EQRTIS, EQFaT2S, EHOBK i.
C

C---------------------------------------------------------------------------------------------------

SUBPOUTINE EIGEN

IiJTEGER I, IER, ISW, IZ, JOB'N, N, NOEVAL, M, Mi

LOvI CAL FI FkT

REAL. EVAL(202), EVEC(202,202), H(20b03),

S(202,4), L(202,4), SUM, E(202), E2(20_)0

COMM|,ON /EIGEN,' EVAL, EVEC, NOEVAL, JOBN

CUIIk!N /MATRIX/ H, S, L, N

DiT H FIRST /.IRUE./

C ---------------------------------- U the Cholesky decomposition to

g9et a matrix L tuch

C that: S = LL(transpose)

This only has to be done once since

C S doesn't change.

IF (FIRST) THEN

CALL GETL

FIRST = .FALSE.

EI4DI F-

C................ .... .. ........... G~t z su L', tha t : H LZ

CALL FOLDZ

C --------------------------------- et X UCh that: Z XL(tr-nspo-e)

C the pt obiwm" Hv - e.v = 0

*C naow LwomLes - ey =

C whwre: e = eigenvalues

C v eigrenvectors

C y " w i ervectorb auch that:

C y~ resps~

F-16
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IF (EVM,(I) EC). 0.0) TH-EN

ELSE

RESID(I) -EVPM(I) -EVAL(l)

FUN FUN + (LVPW(I) *RESID(I)**2)* .

END IF

10 CONTINUE

IF (FUN .GT. IEIO) FUN ILIO)

iND

F-i15
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J3LE. S 0'

------------------------ -Utie the potitritial vakuce~ "ra w tr ix

C kawv~l= tu bui Id thw SU-alits IL~i

V2(J) - (*PWO tDPO*STF-C:) R VY21-J)

V3(J) = PI * V: H(.J)
V4J C(F'Xl - P*VP.,)*~4H(J)

(11 * 11-1) / 2) + jj

LL -4 - 11 + 3.3

- -- -- -- ----- --- Load tht. LLu-w~itv AA vcdi w~ into H

H(IK) = Hi~i<) + To3) + VI U) + V2(J) + V3(J) + V-4(J)

F (FIR~z.T) TH~i4
,LJ - ZI1,LL) + SH(J)

L: t i) IF

LI II+ I

33 - J - JJLE! S

*JJLESS JJLESS + I

EL'3E

jj - jj + I

E- N J I F
0 F 1I NUE

II= II - 2
33 - 33 + 2

-l- CCA .I NUE

F;WT .FA-LSL.

------------------------------------------ --Zubrcutir,% EIGEN' solves thet c9eeral&~

C swigenvaI ue problens:
C i-v - 0e

whtLr= H- i= the H F.Iqr9)iatrix

C tr x-a the tri9eriv&1luw

C is the raorma Ii zi i.l waitr ix

LALL LIUEi4

FLIN 0 . 0
LL'I F EVMCNT
If- U'OEVAIL .LT. EVI'ICNT) ELPIT =NOEV 1 1 L

----------------------------- ----- - Crpt the rcr IduaiI5 in the vaue

c o+ FUN.
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v lJ :-. L 0 A T F- EA$ Ik X ,2

V-Mr * r.L A UZQLX

L,.A it f -' L~ :/ 2 0 j

-1 -KL.J , L :2 / b 0 0Q

4.iCC? 1C T F Z, L3 / 2 6 6k)

- *- - - - Nt. th~r riumiber of miiwuabr~t ort the

c wioir. dicaonia15 ,jf H and S.

W (2 X liELLITI)

c ------- -- Chwa L,ut th: mrrayt. that H ind 5

c are 5tu~red In. Do thi~i only the

c tirkt timei for S.

Du 20j J-~1,M

L0 10 I=J,N
F , = ( I * ( I - 1 2) + J

LL =4 1 + J

lF (FIkR'T AMND. LL .Q-T. 0) THE14

(ILL) 0

£ * END IF
10. CrNT INUE
20 CONTI1IUE

-- -- -~ - ----------------- -- - - - - Lu1d t he 5ui-a r i t hat ar

C piccd inato ratricie= H and S
C from the i~ ewdi. This-. it done.

C in, -r. ittrit iv ra~irrser , uncto for
C each !.tep adlorI th& gr Id.

1:17 fLP .:,).J

9.. 1~0 -1,NEL'I

6:0 EEC ! 1.i + T~ : k (I -I

RI - DEGIrN + (STFGZE * I)

C----- ----- -- -- --- ---- --- --- ---- ---- ubrouLiiste FCJTENT rtwtur-rit the

Wc~l~uw of, an~d b.ope of the wau~trI
C pJutentidl function &%t &ach wrld Of

the currwt pr-d e1lui~nt (RO,RI).

CALL POTENT (ISO, Rl, PO, DPO, FP1, DPI)

*0 I

END I
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SH(9) =-264 *STPSZE**2 / -J040

SH(10) = 48 S TPSZE**Z / t5040

T(l) = 144 / (2,40 -X "-;T P -E:)

T(2) = 12.0 /2,40

T(3) = (16 -x -rPEszE) / 240

T(4) = -144.0 / 2,4o *sTrpsZE

T(5) = -12.0 /240

T(6) =T(1)

T() = T(C2)

T(S) = (-4 * STP .2E) /240

T(9) =T(b)

T(10) =1(:;)

PRE -(HBAF*HBAR) /IIU

6 Do 5 1=1,10

T(I) =PRE * T(I)

t CONTINUE

VIFI(i) = 695tj2O * 3-TPSZE / 3628300

V IH = T'0b60 * SrPiZL~k*2 / Z 8 0 0

VlH(3) 10080 -K £T P'S Z E / 3c(a28800

V iH ,4 D280A -~ .FF 3ZE / 3628800

v I I b) 16A * _ 12iZL-*2 / 3c2 80 U

V H i, 2c E. rpszE /3628so0

VHV' -30q,0 *STP3.'E**2 / 35628800
t -4320 *STPc-ZE**3 / 3628800

V iH (Y) I -1120 * TPSZ-E**2 / 3620800

'.)H (10) 2330 *STPS.-?E**3 / 3628800

V__.H(1) 1-39680 *STPSZE / 32G8 0 0

V2H 2) 3 0-4 0 *STPSZE**2" / :;628300

V')M F() 4320u srPSZE**3 / 36213600

V2 H(4) bC0-100 -A STPSZE / 362600

V-_H (5) 11520 *STPSZE**2 / 3QZ28 800

vI.H Fi1 ) 619 20 * 9TPSZE /3626800

H -12 c/.,0* STP~l 'k_*-R2 /3628800

'J2H-L) - 23 * C) cTPS2-,E**3/ 3628800

V21i(9) = -12960 * STPSZE**2 /3628800

VJ2H%10) " 2860 * ETPSZE**3 /3626GO

V,:H I ) 47b20 * TP ZE /362300

V.;H±5Z 2) ll OXITPSZE**2 / 32.3Q.O0

V- i 1(7 2,20 0* & TPSZE*i(3 / ~80
V-1i ( 8 -C)~ A £ TFSZE / 3626800

V_,H f) 2 40 * S 1-1 'ZI**2 / 3628800

V ')- c952 * rPS$ZE / --;02800

_15040 * STPSZE**2 / 3Lb28800
ViA I -43;2C * LTF5E**z / 3cj28800

llTii(9) -/Ubcj0 T PS-L-*2 /362300
0V:;M(10) i cijuo x sT Pc zE *3 3623800

V4H (I1 6i'?20 x. srP zE / 3 J L0
V 4H (2) 12960 *STPS'2E**2 /3628i300
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orm~.f: FUNCTION FUN

C V'W>.ioa 84.1I.30

A u. At V.,ir: Paul H. 0O.tdiek

C Air Force Institute of Tt-chrology

C Wrijht-Patter~on Air Forcc Bc*.a, OH

C
C Dvt-iliptioa: Thit. routine~ 5oiveb LIhb Schrodirawr widd\ equation

u 3nq . t cif potential eraer / pa.rdaeterb to build
Cthe vjv vqU.atior' ira trtatrix form. Then EIGEN is

k-_d~ tu t.ive the ei~nvalue problene for the eigera-
* U~ Thve ec 9ral ues i:re com~paiied ira A we.ight-

tzd le,:i~t iquares -ei~ with the ob~twrved enr-ry
1 =.jWIS. Th~f value of FUN [ eturned i the tuaa of the

roiuC.5~rd

* ------------------------------------------------------------------

1:EI-.L FUNL T ION FUNJ (PtRM)

INTEGERi EVMCNT, I, IER, 11, j~, JJ, JJLEL)S, J~jIN, KK, LL, W',
+ NIJEVAL, NELPIT, ELPIT, EVI'ILVL(2t)

LOGICAL FIRST, FSTLP ~

REAL C VM 25) T iO) ,VIH(lO) , V2H(lQ) , VZ3H(1O) , V,4H(1O) , V1(10),

+t V2(10), V3C10), V-i(J.0), -STPSZE, RO, RI, H(2Ot,03), S(202,4),

-r :HIC), PO, DPO, P1, DPI, PARPIiIO), EVAL(2U2), EVEC'C202,202),

+ DELTA, RLSID(25), BEGIN, E'vrW(2b), HBAR, VMU, PRE, L(202,4)

COMIMON /ENERGY/ EVMl, LIW, RE.-'ID, LVMLVL, EVM1CNT, STPi'E,

1 [IELIIY, LEGIN, HBAR; 1MU

COMMI'IC* ,EIGLNS./ EVAL, EVEC, NOEVAL, JUBN'
CO!lIION /MATRIX/ H, 'L, L, N

D."TA FIRST /.lRUE./

C--------------------------------------- Load the arrays used to build the

C rnatriciwe: H, S, and NORM. These

*C will riot chang~e, do this once only.

IF (FIRST) THEN

SH (1) = 1872 STPbZE / 5040

SH(2) 2 -64 *STPSZE**2 / 5040
H(Z) 48 *STPSZE**3 / 5040

SH (4) 648 * STPSZ7E / 5040
EH(5) 156 * STPSZE**2 / 5040
2H (0) 18721 * SLTPSZ'E / 5040

EH () -tL 6 :BTP,',ZE**2 / 5040
SH -Sj *STFPSZE**3S / 5040
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E14DI1F

I1 J CON I INfUE

L:.J iL

i 00 C H 1 1 HU-* 00 tW.q I TIIILI&

C-. CZo the input tile.

ICK CLUIL (LiI1T=12)

C -- --------------------------- Open the Random Nuwber Generator

C Seed file -- logical unit lq.

OPEN (UNIT=14)

WRITE (13, 1304)

Iu'--4 FORMAT ', r21, 'Random Numoer (arscr ator- Seed File',/,
S' 21------ ------- --------- --- ---- '

DO 12) I=1,100

C ---------------------------- i ranter a record +rom the ir.ijut
C file to the butter SCORE.

READ (14,14uiEND l21) SCORE

1'401 rORMA T (A72)

Wr:ITE (12,1302) SCORE

----------------------------------- t SCORE(1:1) is a '', tnen SCORE

should contain data %nd a valid

C keyword. So, see if SCORE(2:3)

C dotrs contain a valid keyword. If it

C does, transfer thu uate tron SCORE

C to the input variable.

IF (SCORE (I: I) .EQ. ' ') TH I

IF (SCOFu:E2 .1Ev. ' IU') THEN
READL %lO.L.5 Y) it,) ') IU

LLSL

IF ..CC:L(LZ23 .LIQ. 'IX') 1HEN

READ (OCORE(5:19),'(Iib)') IX

EIsO F

c C i..J I'4UE

- -.---------- n--------------Co- th f . le.

121 CLOSLE (UNIT14)

9999 RETURN

END
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C do,.% Ljr tisin a vl id keyword. If it

C doj-t, tci-tfer the~ d~tcd frorn , C0kE

C to the iput variablie.

IF (C-COfRL(l:1) .EU. ')THEN

IF (SCORE'2:4) EU(. 'LE'L') THEN~

STLBLA1:72-:) = SCORL(6:7',

ELSE
IF (SCORE(2:2) .EQ. 'V') TH-EN)

DO 210 ~-U2
IF ('.COkL ( :4-) .L.NUI-W1k.0k(,J) THEN4

EVOMCr*T - ElVI'ICNT + I

EVI'ILVL(EVf'ICNqT) K

FCOL ~-0
LCOL =0

FORM Lb)

DOJ 6. J"-0,72

IF (SCORE(J:W NEL. . A141.

"LURLI:C(J :J) . NE. W)THEN

FCOL =J

UO TO' 61

COiNi I NUE

A IF (FCOL .7'1. U) THEN
LOU 70 J=FCOL,:Y2

IF (a.CORE(J:J) .EU. 'OR.

+ SCORE(J:J) .EU. 'i THEN

0LCOL =3- I

GO TO ; l

Eril) I F
/0 CLNTINUE

-71 FORPI(3:4 = NUMlUER(LCOL-FCOL+1)(I:2)

IF ( (LCOL-f:OL) .LT. 6) FORlrI(6:6) = FORPM4:4
.dM READ (SC0RE(FCOL:LCOL) ,FORMl) EVMl(EVMCNT)

FCOL = 0

DO GO0 J=(LCOL+I),72

I F (,:jCORE(J:J) .NE. ''AND.

SCORE(J:J) .NE. '1)THEN

FCOL = J

GO TO 81

ENDIF

CON] INUE
.1 IF (FCOL .GT. 0) THEN

* DO 90 J FCGL,72
IF (SCOkEUJ:J) .L. ' )THEN

LCOL J - I

00 10 91

.0 [Ufkfli-*:'4i - NUIlllL<(LCUL-FCOjL11) (1.2)

IF C(LCuL-FCuL) .LT. 6) FORPI(o:6) =FURNi(4:4I)

KLAD -CuKL(FCOL:LCUL),FURM) EVl'1W(EV(IC~i)J

LL..,L
LVNlW(LVlMCWI) 1.0.

LUiDIF
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-Li 4.; .1

41 CLC'..L (UWIT-Il)

I'J&ELMT DOURiI (1)
ISTF UR

i R DUOJI(4?

DOOR(-/)

F R DOOR(Z3)

PP DUCJR(9)

&T.2 E =(ENDS - U~LL1) I HELI

* OU -4t I-1,P~kN'lL

FAkI-IH I I) = P(,Rv~iI(I) - Piiti<0ILCJ(

FARM' ( 1) (FWAMI' ( ) - IARILO 1 I) / ARI'IHI C(I)

CL C:H IN JE

AN Lti,(1) U .0

EVIILVL(1) =0.0

C 1- u9.cal uni~t I;-,.

Uf-'Ef' (L'1T=12)

0 ~130- FORmAT ''T ,I'r~t~ Lner,3j Data Fii&:,/,

..'O 100 1"1,1000

---- --- -- ---- --- --- --- - Tr atifter A rtacord troiM thte input

0fi1tr to th..a buffter - CURE.

READ (12,1201,CrJ-101) -COPE

1-0 1 FGPMAr (A72)

------- i- - f SCJkE(1: 1) a~', thi~ CUIL

C .hould cortin data and &v~iid

ke/wcrd. So, tat-- it I;COKIL<(2:4)
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Wc % ' W ~ ~ --- - - - - - - - -- -- - - - - - - -- --- -- - -- -- -- -- - -*-- - *-

C

C Pr our " : bU C'U-rINE PUTRND

C

C Ver ,ion: 64. 11.30

C
C Authur" Paul H. Ottdiek

C

C Air Forc- Iintitute of iechriolo~ y

C W7r±9t-Ptter-or Air Furct: BAt, GH
C

C D.tcr ipt ion: ThI 1 rout. nle 0 tLr Cs the rardQm raulutLar- ycriwtratotr bid
C -klues ur.ed by MINUM in a file (unit 14) for futurw

C ~refcrence.
C

SULROUTINI i UTRND (LU, 12)

INTEGER*6 IU, IX

C --.---.----- ----------------------- Put the current randum number

generator 6ewd vnlues into a tile

for future referetce.

OPEN (UNIT=14)

WRITE (14,1401)
WRITE (14,1402)

WRITE (14,1403)
WRITE (14, 1401)

WRITE (14,1404) IU

WRITE (14,1405) I,

1-1G', FORMAT (7( '-- - - - ) , '**' )

1.4L FORI,IT ('*-- beeat. fur a random nurmber 9erjriator in MINUM'

14C;- FORMAT ('*** cal ltd by p-cigra-s DIATOM 'M

140-4 FORmAT ( ' 'IU=' ,115)

1405 FORMAT (')IX=',I15)

C-------------------------------Wr ite the end-of-file matrk- and
C close the fse.

ENDFILE (UNiT=14)

CLOSE (UNIT I4,STATUS 'KEEP')

9Y9 RETURIr

.0 LI'4-

": F-22
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C~. P . 11, : ,Ul kUUT IH'L WmVJL

C VL-r I.1on: .A4. 11l.'-

*c Author: Pia±ui H. Ohtdiel

t-~.r Force Irsittut= af Tt~chruujq/

C Wricht-Pattwr~on Air Force L uH

C Detiriptican: WI-VE CC,(ltt'01. tht te uizr of FUN~ (arga therefort:

Clo2LiN), -F~~,.rd FUTWMiV to c. 1CU-

,rt ir~d -. t:cr thv nrm~r~alize~d wcive fLunctiori . Th i

i.-doi;, in ur, iterutive fathio for &cich wave uc
tioni oric- thE eigerivector-5 are rwturntzU train FUN.

JULi'iJTlllL WAVL

C C1i ':CT E R * 2,Z I L L

Al CG,-k LlIMT, I, NOJEVAL, JOBN, N, NELI'T, EVPNCNT, LVMLVL Zb) ,
NC'PMTS, LEVEL, IIUNDRD

1ILAL VM (2t) , srpEzE, NODECI(I101 PSIVALCaO2),

+ bEGIN, EVAL(202), EVEC(202,202), H(20503), S(202,4),
+ -ID(t)EVPIW(:5), RLcI(2A M1IN, HBP4R, M~U, L(102,4)

C IC~ ENJERGY/ EVI, EVM'W, RESID, EVPILVL, EVPNCNT, STPSZE,

t H'ELOTl, BEGIN, HLAR, MU

CC111imucN /EI63LNS/ EVAL, EVEC, NOEVAL, JOBN

L -A,'I1 t34 i H A R I */ H, S, L , 14

Cui'if'UN /WAVFUll/ 140DE, PbIVAL, NOPNTI-, LLEVEL

C - !PIMO'/J IRL LL / STLEL

-- ----------------------- Call furiion FUN uiiria9

C NINUM'' "best" potentatll enrr~l

C par.Kwter 5wt to i9et the

*c C 13ernvalue! andl vectacri.

IiN FUJ( FAtivi

* RfIE (1:;, 1 1111 MIN

YJI C''I-~ C'OTh,2 .uij u+ r e5i dual'a squarked i t: (jib. Z)

h~fE~l =BEGIN

!)o' 10 I=2, (i'ELMT1-1)

NuDE(I) NODE(I-.) + 1 .TPSZE
I 10 C 1:11T I NUE

N*OPPITS =N

HUINDD 100
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Ck-MT 25
IF (NOEVAL .LT. 25) ELMIT H 'GEVAL

C -- Ciper tht6 wave iurctior, output fiIe.

OPENJ (UHIT-17)

C - Write the la0t1 /cornm.vrit r'c1 in froa

C unit 12 iis RLADLR.

WRITE (17,1701) £TL1L(::)

1 701 FORMAT ('>LADL=',A6t)

C------------------------------- ------ Wr ite Lhe mtrix ; to the wave
fLLrctlon output fIIt.

)C' 50 I=l,N

WRITE (17,1702) I, (S(I,J , = I,4)
2 FORMAT (' >S' , I3,4GI5.7)

-0 CONTINUE

C ------------------------------ Normalize each elgenvector (wave

C function) stored in EVEC. Then
r write it to the wave function

C output file.

DO 100 LEVEL'I,ELMT

DO 110 I=I,N

PSIVAL(I) = EVEC(I,LEVEL)

I I CONTINUE

-- ------------------------- NORMAL rormnal i z= the eigerivector..
C (wave functior, values.

CALL NOIFI,!AL

C ---------------------------- PUTWAV wr-iter the wave function to

C the output file.

CALL PUTWAV

100 CONTINUE

C-- -------------------------------- Wit n End-Of-File mark arid close
C the output 4ilw.

ENDFILE (UIJIT17)
CLOSE (UIT=17)

9999 RETUII

END
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C

C Pr o,3r :,w: SUILROUTINE NORNAL

C

C Ve, tior: 84. 11. 3

C

C Authur: P UI H. Ottdiek""

C

C Air Force Inbtitute uf Technology

C Wright-Patterbor Air Force Batw OH
C

C Dt ripti ti: This routine normalizes w viAve function reverenced

C by LEVEL.

C
C -----------------------------------------------------------------------

SUBROUTINE NORMAL

INTEGER I, 3, K, KK, N, NOEViL, NOPNIS, LEVEL, 3OBN,

4 EVLVL(25), EVINCNT, NLLPIT, IER, I1, 13, 1202

REAL EVI'(25), ;TPSZE, NODE(IOI), PSIVAL(202),

SIi Ci, -VAL(202), LVEC(202,202), H(25O03), S(20",4),

+ EI'HW;.), RESID(25), AREA, SUII,

+ A (2"D2), HBAR, H'U, L(202,4)

CC'l'il'IOiN /ENERGY/ EVN, EVI'IW, RESID, EVMLVL, EVMCNT, STPS2..

NELM'T, BEGIN, HBAR, MU

C&0MHON /EI .EI40 / EVAL) EVEC, NOEVAL, JOBN

CO P'diHON / N, 1TRIX/ 1-, 1 ., L, N

CCImtON /WAVFUN/ NODE, PSIVAL, NOPNTS, LEVEL

D1A I, 13, 1202 /1, 3, 202/

';_EA = 0.0

C --------------------------------- lultiply S*PSIVAL A

C

C VNULQF is atr IPISL routinw foi mattrix
C mltili ca (:ti{on.

C (Bard S/nimetric stora3e modt time..

C Full stora9e made.)

CAL.L VINULOF (5, H, 13, 1202, PSIVAL, II, 1202, A, 1202)

C ------------------- Multiply PSIVAL*A = AREA

C

C VMULFF is an IMNL routine for matrix

C multiplicatior.

C (Full storage .,odL times Full

. C ttorage mode.)

CALL VPIULFF (PSIVAL, A, 11, N, II, 11, 1202, AkEA,I1, lEk)
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-C -Nurwald izw tiw wave funiction.

I DO 50 I=1,N
PSIVAL(I) PSIVPAL(I) / ,QF<TCAL;S(AHLA))

to CONTINUE

9999 RETUR~N
END
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C -------------------------------------
C

C F r o _ram: S3UBRUTINE PLITWAV

C VAr'1Iari: '4. 11.30
C

C Author: Paul H. O5tdiek
C
C Air Force~ Institute of T~r:hiolojy

C Wricjht-Patterson Air Force Lata, OH
C
C Dczr ip t iori: PUTLJAJ -.rites the value of the current wavefuraction

C thte node~ value, arid the cubic Empline Coefficients

C to a file (logjical unit 17).
C

C--------------------------------------------------------------------------------------

SULf<OUTINE PUTWAV

INTEGER NOPNTS, LEVEL, VIBLVL, I, J

REAL NODE(101), P6.IVAL(2O2)

COMMONJI /WAVFUN/ NODE, PSIVAL, NOPNT~i, LEVEL

C------------------------------------- Write tht: vibrational quantum riurnber

C ,a count niumber, wave +unctio,
valute to teach rfecord.

VIELVL LEVIEL -I

DO 10 I -,NOPNTS

1701 FORMAT ('>' ,214,6~15.7)

I r C ONT I NJE

959,70 C-LTURN
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C

C Pr o3ram: SUBROUTINE OUTPUT

C

C Version: 84.11.30

C

C Author: Paul H. Ottditk

C

C Air Force Institute of Techriolo9y
C Wricht-Patterson Air Force Baae, OH

C

C D-ftLriptiorn: OUTPUT cortrol the executionr o+ output routim.-b
C GETPOT, PtkNIER, PLTRES, and PLTPOT.

C

C--------------------------------------------------------------------------------

LULF:OUTINE OUIPUT CFf s PP)

INTEGEik FR, PP

F AL R(1O00), POTVALIO00)

C -------------------------------Subroutine GETPOT calculates thw

C value of the potential energy model

C at 1000 9rid points.

CALL GETPT (R, POTVAL)

-------------------------------- Subroutine PRNTER vritw a to thw

output listin9 file.

CALL PkNILR (R, POTVAL)

C U----------------------------------s PLTRES to crt:.te a rc tsiduil plot

C filL- if thu uter set PR=1 it) the
C input file (unit 11).

IF (PR . HE. 0) ,HEI-
CALL PLTRE:L

C ---------------- Ue PLTPOT to create a potential

C energy plot file if the user set

C PP=1 in the input file (unit 11).

IF (PP .NE. 0) THEN

CALL PLTPOT (R, POIVAL)

ENDIF

9999 RETURN
* IEND
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C
C Program: SUBROUTINE GETPOT

C

C Ver 5ior,: 84.11.30

C
C Author: Paul H. Otdiek

C

C Air Force Irititute of Technology

0 Wright-Patter5L)ri Air Force Babe, OH

C

C Dh-crI-ptri on: Th - routire calculates the value of the potertial

erier9y model at 1000 9rid points usin the best

par-rmeter set.

C

C -----------------------------------------------------------------------

YUBROUTI HE GETPOT (R, POTVAL)

INTEGIER EVM4CNT, I, NELMT, EVMLVL(25)

PEAL BEGIN, z;-PS2E, R(1000), POTVAL(IO00), RO, RI, PO, IJPO,

P1, DF'I, EVM(25), EVMW(25), RE$ID(25), STEP, HBPi ,U

C31*1ON /ENERGY/ EVM, EVIW, RESID, EVPILVL, EVNCNT, STPSZE,

NELNT, BEGIN, HBAR, MU

3TEP (STP2e-E * NELMT) / 1000.0

DO 10 I-1,999

RO BEGIN + (STEP * (I-I))

Ri = RO + STEP

C ----------------------------- FOTENT returns the value of the

C pctertial function at RO and RI.

CALL POTENT (RO, RI, PO, DPO, P1, DPI)

R(I) " RO

POTVAL(I) = PO

IF (I .EQ. 999) THEN

P(I41) R1
POTVAL(I*1) P1

ENDIF

10 CONTINUE

?9Yr9 RETURN

'7
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C
C Procjr UM: SUBkOUTINE PRNTLK
C

C Vers! i on: 8.1.~

C

C Author: Paul H. Ostdi% k
C
C Air- Forct Intititute of Technology
C Wright-P~~tterson Air Force Base, OH
C
C Dv c r p t i o: This: routine print5s the best set of potential

C parimeterii, the value of the potential function
C u~zinra these pararnetertL, the obs-erved anad c.lclat%:d

C er.xrqy levuels with rwbidual5.
C

C--------------------------------------------------------------------------------------

SUEP]DUTII1E PRNTER (R, POTVAL)

INTEGER I, J, 14, NOEVAL, PARNNO, EVMILVL(25) , EVMCNT,
+ NELM'T, Iri, IT2, 1T3, 1T4, IT5, IT6, STOP, JOBN

REAL EVAL(202), EVEC(202,202), H(20503),
+ S(202,4), R(1000), POTVAL(1000), PARM(1O), PARMLO(10),

PARMIHI(l0), EVM(25), EVMW(25), RESID(25i),
+ ~STPSZE, BEGIN, CONSTCIO), HBAR, MU, L(202,4)

COMMlON /ENERGY/ EVI1, EV'W, RESID, EVMLVL, EVMCNT, STPSZE,
+ NEL1f1I1, BEGIN, H-BAR, MU

COMMON /PARMS/ FARM, PARMLO, PARMHI, CONST, PARM'NO
COMMON / E IGENZ EVAL, EVEC, NOEVAL, JOBN
COMMON~e /MATRIX/ H, S, L, 1N

C------------------------------------- Rescalcr the param~eter.- for ditplay.

DO 10 I=1,PARMNO
PARM(I) =PARMLO(I) + PARM(I) * PARNHI(I)

10 CONTINUE

C------------------------------------- Pr int the bebt parameter set.

WRITE (i,130I)

17 Q FORMAT ('IThe "best" 5et of potential L-nergy parameters is:')

WRITE (13,1302) (PARPM(I),I=1,10)
13 02 FORMAT ('0' ,5(G1b.7) ,/,(l.

C------------------------------------- Prirt the value of the potential
C function at 1000 grid points.

WRITE (l3,IZ03)

11C03 FORMAT ('O','The values of the potential dr&e')
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DO 20 I=1,200

WRITE (13,1304) R(I),POTVAL(I),R(I+200),POTVAL(I+200),
R(I+400),POTVAL(It400),R(I 600),POTVAL(I1-O0),

+ R(It800),PUTVAL(I+800)

1:04 FORMAT '

20 CONTINUE

C ------------------------------ Print the obterved and calculated

C enrerg levels and the residual.

WRITE (13,1309)

109 FCRIAT ('IThe vjLighted ener9ies, ei9envaiue5, and rebiduals: ')

DO 25 I=1,25

WRITE (13,1308) EVMLVL(I), EVMW(I), EVM(I), EVAL(I), RESID(I)

1308 FORMAT (' ',I2,2X,F7.5,3GI.7)

25 C ONT I 141JE

C ------------------------------ Print the calculated energy levels

WRITE (13,1305)
1305 FORMAT ('OThe calculated eigenvalues are:')

STOP = 24

IF (JOBN .NE. 0) STOP = N

DO 40 1=0,24

IT1 = I + I

IT2 = 2± + I

IT3 = 51 + I

IT4 = 76 + I

IT5 = 101 + I

I-r6 = 126 + I

IF (:TCIP .LT. IT6) THEN

IF (STOP .LT. ITS) THEN

IF (STOP .LT. IT4) 1H4EN

IF (STOP .LT. IT3) THEN

IF (STOP .LT. IT2) THEN

IF (c.,IOP .GL.IT1) THEN

WkITE (13,130a) I, EVAL(I+1)

FORMAT (' ',13,2X,G15.7)

ENDIF

ELSE

WRITE (13,1307) 1, EVAL(I+1), (1+26), EVAL(I+27)

1307 FORMAT (' ',2(I3,2X,Gl5.7))

ENDIF

L-LSE

WRITE (13,1311) I, EVAL(I+I), (1+26), EVAL(I+27),

+ (1+51), EVAL(I+52)

1311 FORMAT (' ',3(I3,2X,G15.7))

ENDIF

ELSE
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WRITE (13,1310) 1, EVAL(I+1), (1+2b),EM(IKQ

+ (1+51), EVAL(1+t2), (1+?cQ), EA-Ltit77)

1310C FORMAT C ,(32,1.)

EFIDIF
ELSE

WRITE (U,32 , 1~ II, (1+2b), EVAL(I+27),
(1+51), EVAL(I+52), (1+7tj)g EVAL(I+77),

4 ~(I+101), EVAL(Ii-102) -

1:1i2 FORMAT ''tC,2,1.)

E NDIF
ELSE

WRITE (13,1313) 1, EVAL(1+1), (1+26), EVAL(1+26),

+ (1*51), EVAL(I+52), (1+76), EVAL(I+7'),

+ (1+101), EVAL(I+1C02), (I+12o), EVAL(Ii-127)

1I1 FORMAT (' ',6(13, 2X, 615.7))
E ND I F

40 CONTINUE

I F ( STO0F .GE. 26) THEN

I = 25

WRITE (13,1306) 1, EVAL(26)
EtNDIF

1 999 RETURN4
END
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C

C Progrtm: SUBRCUTINE PLTREG&
C
C Vc or: 84. 11.3

C
C Author: wtAi 1H. Otd±ek

C Ar, Farce lrititute u+ Techrology

C Wri.jht-Pc'ttvr.ur Air Force Base, OH
C

C D-criipLton: PLTRES Lreates a file (logical unit 15) coritainin9
C tht. residuali, of the le.st 5quare5 fit for plottin9.

C

SUBROUTINIE PLTRES

INTEGER EVMCNT, EVMILVL(25), NELMT

RLAL L£EGIN, EVNI(25), EVW(25) , RESID(25), STPSZE, HBAR, MU

CL1,,01,I /EHERGY/ EVM, EVMW, RESID, EVNLVL, EVMCNT, STPSZE,
+ NELNIT, BEGIN, HBAR, MU

C-------------------------------Open tht output file.

OPE14 (UNIT=15)

C .------------------------------- Write the vibration] quantum number

C and the residual value to the file.

DO 10 I=I,EVMCNT

WRITE (15,1501) EVMLVL(I), RESID(I)

1501 FORMAT (' ',I3,G15.7)

S0 CONTINUE

C ------------------------------ Writw ,n End-O+-Filw mark crid close
C the output file.

ENDFILE (UNiTlIS)

CLOSE (UNIT=15)

9999 RETURN

END
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C -- - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - -

C
C i-rograrn: SUBROUTINE PLTPOT

C
C Ver-!.ior-: 84. 11.30s
C
C Author: PaulI H. Os t di e 1
C
C Air Force Iri.titute ot Te.:ciology
C Wright-Fatter~rin Air Force Baie, OH
C
C rt-cript~on: PLIPOT crxtL- a file Lorata±riing thu- va~lue of the
C pcit=ttial % riterqy mLcdel at 10U0 grid points.
C

C--------------------------------------------------------------------------------

CHL.OUTINE FLTPOT (R, POTVAL)

UIJTEGER I

REAL R(1000), POTVAL(1000)

C------------------------------------- prn the output file.

OPFEN (UNIT-16)

C------------------------------------- Write the grid position and the
C value of the potential energy maodel.

D~O 10 1=1, 1000
WRITE (6I0)R(I), POTVAL(I)

p-I C ONT INUE

----------------------------------- Write can End-Of-File iicwk and close

C the file.

ENDFILE (UNIT~lc
11 CLOSE (UNIT=16)

9999 RETURNI
END
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C

C P r Cj r'O 16 I-LK0kLUr I'J1L [WAILI'

C Vvr..I orl: 814.11.7-0

C: Air Forct- Intstitute cit Techrc1IL,,)j

c Wric9ht-Pttrsonr Air For-.e Lae OH

C iTcrpio :bAILR cls the uutput li~tinqi +i1I* (logical
c Lkrsit -. 13 ariid 6) ad atopt~a thv CPU arid wallI time

-------------------------------------------------------------

-UBROIJTINE TRAILR

C------- ---- --- --- ---- --- --- ---- --- Shut dow~n thle tr 5tati~tIC5.

CALL ETIME

CALL WTIME

C------ --- --- ---- --- ----- -- -- -- --- --- lose the listing outputs. -

CLOSE (Ut]IT=I3-,CTATUS'='KELP')

CLfC',7 LIJTc)

~.9 9 P*ETU~RN
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EL E

WkiITE (13, 1302)

FURIMIAT ('OERROR -- Wavefurctor, yrid do not agr-e')

ENDIF

C ----- ---------------------------------Ci th output 4ile Arid r"i"

C t.it icE .

CALL TRLFCF

c/999 END

*ADD, HDRFCF

*ADD, RDRFCF

*ADD, CLCFCF

*AbDD, OUTFCF

'-$ADD, TRLFCF

H-3
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C Read in all data concernin9 the

C wave functions of the upper state

C ir-om logical unit 12.

LUNIT-12

CALL RDRFCF (LUNIT)

C ---------------------------------MAk ure the grids used for both

C staten have the same number of grid
C- points.

IF (NOPNTA .EQ. NOPNTS) THEN

C ---------------------------- Make sure both wave function sets

C uscd identical S matricies.

'n:Cj .TRUE.

DO 50 I=I,NOPNTA

IF (SA(I,1) .NE. SB(I,1)) SOK .FALSE.

IF (SA(I,2) .NE. SB(I,2)) SOK = .FALSE.

IF (SA(I,3) .NE. SE(I,3)) SOK = .FALSE.

IF (SA(I,4) .NE. SB(I,4)) SOK = .FALSE.

IF (.NOT. S.OK) GO TO 51

CONTINUE

C ---------------------------- Calculate the Frarck-Cordon factor

C for every combination of the wave

C functions from the two states and

C store the value in FACTOR(LVLA,LVLB)

51 IF (50K) THEN

DO 200 I=0,24

LVLA = I

DO 100 3=0,24

LVLB = 3

C- -----------------------CLCFCF computes the Franck-Condon

C factor for the two wave functions

C PSIA(LVLA) and PSIBCLVLB).

CALL CLCFCF (LVLA, LVLB)

IC) CONTINUE

00O CONTINUE

C --------------------------- OUTFCF writes a table of Franck

C -Condon factors to the libtang.

CALL OUTFCF

ELSE

WRITE (13,1:01)

1:01 FORMAT ('OERFOR -- [llatricie5 S do not match')

El i) IF
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Appendix H

Program FCFACT

C
C Proqrai: FCFACT

C
C Version: 84.11.0

C

C Author: Paul H. Ostdiek

C

C Air Force Institute of Technology

C Wright-Patterson Air Force Base, OH

C

C Description: This pror-mn calculate5 the square of the inner

C product between each wave function from two sets.

C This is the Franck-Condon factor. Each wave

C function set is expected to have 25 (v=O to 24)

C wave functions in the format used by DIATOM.

C

C I/0 logical unit 6 -- output listing file

C 11 -- input file (wave set I v')

C 12 -- input file (wave set 2 v")

C 13 -- output listing file

C (same as unit 6) "

C
C--- -----------------------------------------------------------------------

PROGRAM MAIN

CHARACTER*72 LBLA, LLLB

INTEGER I, 3J, LVLA, LVLB, LUNIT, NOPNTA, NOPNTB

LOGICAL SOK

REAL FACTOR(0:24,0:24), PZIA(1:202,0:24), PSIB(l:202,0:24),

SA(202,4), SB(202,4)

COI'II'ION /D-FAFCF/ FACfOR, PSIA, PSIB, SA, SD, NOPNTA, NOPNTB

COMMON /LABELS/ LLLA, LBLL

C ------------------------------ Open the output listing file, print

C the header, and 5tart run stats.

CALL HDIRFCF

C ------------------------------ Read in all data concerning the

C wave functions of the lower state

C from logical unit 11.

LUNIT II

CALL RDRFCF (LUNIT)
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FIRST .FALSE.
ENDIF

PREFIX = CONST(1) I (TP(2) -TP(1)) *-1.0

RATrio = CON3:T(2) IRI

C ----------------------- Calculate the Value of the

C potential energy P1 and its slope

C DPI at the right edge RI of the

C g~rid element.

P1 = TP(3ii)(PREFIX*(TF(2)*(RATIO**TP(l))-TP(I)*(RATIO**TF(2U))
DPI = PREFL'.*TP(1)*TP(2)/(TP(2)-TP(l) )*(RATIU**TPC2)-RATIO**TP(I))

C------------------------------------- Limit infinit/ to a uable' riunber.

IF (P1 .GT. 1210) THEN
PI 1 EIG

DPI =-IEIO

ENDIF

C------------------------------------- Calculate the value of the

pot~ential e~ier93/ PO &nd ita, %lope
C DPO at the left grid edge RO. Also
C I i m Lt 1 if in ity.

IF (RO EOt. 0) THEN
IF (F'l .6E. 10000.0) THEN

P 0 :

DPO DPI

DPO =--IEIO

EI'DIP

RATIO = CONST(2) IRO
PO TP(3)+(PREFIX*(TP(2)*(RATI0**TP(1)-TP()*(RATI**TF(2)J))

DPO PREFIX*TP(1)*-Tp(2)/(Trp(2-)-TrP(l))*(RATIO**TP(2-)-RATIO**TFC1))

IF (PO .GT. IEIO) THEN

DPO z-!E10
ENDIF

ENDI F

99'111 R FL11U F 1
EHjD
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C - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

C-

C Prt-ocir amf: SUBROUTINE POTENT (Ili&)

C Version: 34I.1I.30

C

C Author: Paul H. Ott d i e
C
C Air Force lni tjtute of Technolo9j/

C Wrcht-Pztttertion Air Furcv Bcase, OH
C
C Debc r I pt i or: This routine returns the potenatial enrery v.AIue arid

C s5lope at the lef t arnd right grid eleumenat boundaries.
C The Mlie function is usewd a m~odel.
C

LWBPOUTINE P-OTENT (FR0, RI, PO, DPO, P1, DPI)

IhTiEGER 1, PARIINO

LOGICAL FIRST

RZEAL_ PAIilO1), PARPMLO(lO), PARPIHI(10), RO, Ri, PO, DPO, P1, DPI,
+ TP(1O), CONST(1O), PR~EFIX, RATIO, UPPER(iO)

COMMON /PAPMS/ PARM', PARMLO, PARMHI, CONST, PARMNO0

DATA FIRST /.TRUE./

C------------------------------------- ScalIe the potential1 para~meters PARM'
C to get correct parameter valu&% TP.

DO 10 I=I,PARPINO

TP(I) PAM~<'LO(I) +- PARM(I) *PARMHI(I)
UPPER(1) =PARMLO(I) f PARMHI'CI)

10 CCHTINIE
IF (FIRST) THEN
WRITE (13,1301)

I I F OR MA T (1, I 'OP ot er, t ial M4o deI u se d iu1- Mie'
WRITE (13,1302)

1C(2 FORMAT ('02 Cors5tart5 arnd 3 Parameters are u5wd' , ,
4 'CorEtarit I is the Dissociatioji Energy',/,

Cons! tant 2 is the Irnternuclear Separation' ,/,
~ I isi the power alpha',/,

ar' Fe t etr 2 is the power- beta',/,

Parameter- 3 is the energy shift')

I ( FCIRrIAT ('0 Num~ber eciril' ttr, t P.ArameterL
'ovjt=r Limit Upper Limnit',/,-----------------

DO) 20 1=1,10

WR ITE (13,1304) I, CONSr(I), TP(I), PAMLO(I), UPPERCI)

l_04 FORMAT (I ',5X,I2,5X,4(2;1,G1t .7))
2 C' CONT IIUE
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FIRST .FALSE.

ENDIF

PF'EFIX = CONSIT() * TP(2) / (TP(1) -i (2))

RATIO = coi..r(2) / Ri

IF UkiATIO .GT. 6.5) RATI' -- ca.5

--- --- --- ------ --- --- -- - Calcuiatte Lhe value of the

C potential ener9y P1 and its slope

C DPI at the ri9ht ed9e R1 of the

C grid eleument.

P1 = TP(3)+(PREFI,:(RATIO*TP()-((TP(I)/TP(2))*RAi1O**TP(;))))

DPI PREFIX * (TP(I)/RI)*(RATIOC**T'F 2) - RA1IO**TP(1))

C----------------------------.-.-.-.-.--.-- Li iit iriinity to a u-..bie number.

IF (PI .GT. lEIC) THEN

P1= IEIO

DPI =-IEIO

ENDIF

C ------------------------------ Calculate the value of the

C potential energy PO and its siope

C DPO at the left 9rid edge RO. Also

C limit infinity.

IF (RO .EQ. 0) THEN

IF (P1 .GE. 10000.0) THEN

PO = P1

DPO = DPI

ELSE

PC = IEIO

UPO =-IEIO

END IF
ELSE "-.,

kATIO CONST(2) / RO

IF (RATIO .GT. 6.5) RATIO = 6.5

PC) = TP(3)+(PREFIx.*(RATIO**rP(I)-((TP(1)/TP(2))*RArIO**TP(2))))

DP = PREFIX*(TP(1)/RO)*(RATIO**TP(2)-RATIO**TP(I))

IF (F .CT. 1EIO) THEN

PO = IEIO

DPO =-IEIO

EN]DIF

ENDIF

9,1-,.:. R 'i URN
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Progr aw SUBROUTINE POTENT (Lennard-Jorie=)

C

C Version: 64.11.30

C

C Author: Paul H. O-tdiek

C Air Force InStitLute ,f Technology

C drrLht-PiLterbon Air Forc: Ba-ae, OH

C

C D .c iption: This routine returns the potential ener9y value aiad

C slope at the left and right 9rid element boundaries.

C The Le rnard-Jones model it used.

C

C -----------------------------------------------------------------------

SUBROUTINE POTENT (RO, RI, PO, DPO, P1, DPI)

INTEGER I, PARMNO

LOGICAL FIRST

I;EAL PARM(IO), PARNLO(10), PARIIHI(10), RO, RI, PO, DPO, P1, DPI,

TP(10), CONST(10), PREFIX, RATIO, UPPER(IO)

COMII, ON /PARIS/ PARM, PARMLO, PARI, HI, CONST, PARMNO

DATA FIRST /.TRUE./

C ------------------ Scale the potential parameters PARM

C to get correct parameter values TP.

DO 10 I=1,PARNNO

TP(I) = PARMLO(I) + PARM(I) * PARMHI(I)

UPFER(I) = PARMLO(I) 4 PARMHI(I)

I0 C CNT I NUE

IF (FIRST) THEN
WRITE (13,1301)

I 1 FORMAT (.,1, 'OPotential Model used is Lerjard-Jorn' .

WRITE (13,1302)

1302 FORMAT ('02 Contant! znd 3 Parameters are used' ,/,

+ Corit3trt I i the Dissociation Energy',/,

+ Cona tjnt "' i tht Internuclear Sep.ration',/,
+F-'rt~r I ii tne power alpha' .,

P a r, ct.r 2 iu the power beta',/,

P.ra ,I-ti Z is the energy 5hift')
WRI;ITE (13,1,:03).. .I

C, FORIIAT ('0 Nuber Constant Parameter L'

+ ' ower Limit Upper Lrlt'/ ------------

+ ------------ ------------------

DO 20 I=1,10

WRITE (13, 1304) 1, CON14srI) , TP(I) P AkLO(1) , Ur-PEkii)

1 )4 FORMAT (' , I -- t 4(2 XGIi,. 7

0 CONTINUE
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FIRST = .FALSE.

ENDIF

ENPNET TP(I) * (CONST(2) - RI)
PREFIX = 2 * CONST(I) * TP(I) * EXP(EXPNET)

C /----------------------------/-Calculate the value cif the . "
C potential wnerg/ P1 and its slope
C DPI at the right vdg RI of the -'

C 9rid eliimert.

'I = CONISi ( -)*(((I-EXP(E;PNF'ET))**2)-I) TP(2)
DPI PREFIX*(I-EXP(E:PNET))

C -----.------------ Limit irf imity to a utable number.

IF (Pi .ur. IEIO) THEN

P1 IEIO

DPI -ILJ'
ENDIF

C ------------------------------- Calculate the value of the
C potential energy PO and its slope

C DPO at the left 9rid edge RO. Also
C limit infinity.

* IF (RO .EQ. 0) THEN

IF (PI .GE. 10000.0) THEN

PC = P1

UFO = DPI
ELSE

PO IEIO
DPO =--lEIO.

END I F
CL OE

E:P4ET = TP(I) * (CONST(2) - RO)
PREFI:: = 2 * CONST(l) * TP(l) * EXP(EXPNET)

PO - C01ST()*(((1-EXP(EXPNT))**2)-l)+TP(2)

DPO = PREFIX*(I-E;:P(EXPNET))

IF (PC .GT. lEIO) THEN
FO = IL1O:-0
DP0 =IEIODPO =-lEIO --

ENDIF

CNDIF

9990 RETURN

END
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-- - - - r.------------------- - - - ----. ---- ---.--- - - -- - - - - - -

C-. -

C
C Program: SUBROUTINE POTENT (Morse)

C
C Veriiion: 84.11.30

C
C Author: Paul H. Ostdiek

C
C Air Force Institute of Techrolocy

C Wri9ht-Patterson Air Force Base, OH

C

C Dv-cription: This routiice returns the potential eneryg value and

C ilope at the left and ri9ht 9rid element boundaries.

C The Morsu function model is used.

SUBROUTINE POTENT (RO, Ri, PO, DPO, P1, DPI)

INTEGER I, PARMNO

LOGICAL FIRST

REAL PARM(I10), PARMLO(10), PARMHI(I0), RO, RI, PO, DPO, P1, DPI,

+ TP(10), CONST(1O), PREFIX, E-IPNET, UPPER(10)

j ' COMMON /PARMS/ PARM, PARMLO, PARI'IHI, CONST, PARMNO

DATA FIfLT /.TRUE./

C - ------------------ Scale the potential parameters FARM

C to 9et correct parameter valuei TP.

DO 10 I=I,PARMNO

TP(I) = PARMLO(I) + PARM(I) * PARMHI(I)

UPPER(I) = PARMLO(I) + PARMHI(I)

10 CONTINUE

IF (FIRST) THEN

WRITE (13,1301)

1301 FORIAT (/,/,'OPoterntlal Model ubwd is r, ore')

WRITE (13,1302)

1302 FONI'IAT ('02 Conttaritt and 2 Parameters are u!.ed', --
+ ' Cor.=tar t I is the Dissociation Energy',/,
+ ' Cor, t nrt 2 is the Irternuclear Separation',/,

+ Pari:.et.r I 15 the factor beta',!,
7 Par.m-ter 2 is the energy hifLt')

'IrITE (13, 1303)
t-_.'- FORMAT ( '0 Nukltr Cortanrt Parameter L',

'owet Limit Upper Limit',/,' --------------

- ,----------------- -' 3(' '1-

DO 20 I1 o ,10
WRITE (13,1304) I, CONST(I), TP(I), PARMLO(I), UPPER(I)

1-04 FORMAT (' ',5X,I2,5:,4(2X,G1S.7))

2 0 CONTINUE
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C - Calculate the value of the

C pottetial er y P1 arid its 5Iope

C DPI dt the right ed9e RI of the

C grid eleiaLrnt.

PI = TF(l) X FI*2 4 TP(2)

DPI 2 * TP(C) * RI

C---------------------------------Limit irfirity to a utacLbi rumber.

IF (PI .0T. IE10) THEN

P1 ILICIP~fI =-IEIO
D)Fl -IEIO

EIJDIF

C -- ---------------- Calculate the value of the

C potential energy PO and its slope

C DPO at the left grid edgL RO. Also

C limit infinity.

PO = TP(I) i RO**2 + TP(2)
DPO = 2 * TP(I) * RO

9999 RETURN

EiND
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C - - - - - - - - - - --- - - - - -- - - - - - - - - - - - - ---- -----

C Procgrmtj: '3UBRC'UT INE POTENT (S irnIe Harmionri c Osc i I1 ixtor
C
C

C Author: Paul H. Ostdiek

C Air Force Irnsttute o+ Technology

C WriCht-PattCr.aon Air Force La, OH

C
C De criptiorn: Thi _ r outirne returns the potential energy vaiue and

C slope a;3t the le~t and right grid element boundaries,

C The Harmonic Oscillator model is used.

C

t C

CUBROUTINE POTENT (RO, RI, PO, DPO, Pi, DPI)

INTEGER I, PARMNO

LOGICAL FIRST

PEAL PA141(1O), PARI,1LO(1O), PARMHI(10), RO, RI, PO, DPO, P1, DPI,

TP(IO), CONST(lO), PREFIX, EXPNET, UPPER(IO)

COMMON /PARMS/ PARM, PARMLO, PARMHI, CONST, PARMNO

iLATA FIRST /.TRUE./

C ------------------------------- Scale the potential parameters PARM%

C to 9et correct parameter values TP.

DO 10 I=1,PARMNO

TP(I) = PARILO(I) + PARM(I) * PARMHI(I)

UPPER(I) = PARNLO(I) + PARHI(I)

10 CONTINUE

IF (FIRST) THEN

WRITE (173,1301)

1:.JI FORHAT (/,/,'OPoterntial Model used is Harmonic Oscillitor')
WRITE (13,1302)

1302 FORMAT ('00 Constcnts and 2 Parameters are used',/,

+ 'Parameter i is the power alpna',/,

+ ' Parameter 2 is the ener9y shift')

WRITE (13,1303)

izo FORMAT ('0 Nutiber Corlbt.An't Parameter Lv
4 'ower Limit Upper Limit',/ -'---------

+ - - - - -- - - - - -( -- -- - -- -- -

0* DO 20 I=1,10
. WRIIE (13,1304) I, CONST(I), TP(I), PARMLO(I), UPPER(I)

I l'O '4 FORMAT (' ',5X,I2,tX,4(2X,.Ib.7))

20 C ONT I NUE
FIRST = .FALSE.

LND IF
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only one of the remaining four subroutines is used as

* subroutine POTENT. The following are routines for the Single

harmonic Oscillator, Morse, Lennard-Jones, and Mie potential
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C
*C Program: SUFROUT INE HDRFFCF

C Version: 84. 11.20

C
C Author: Paul H. Otdiek

C
C Air Force Inbtitute of Technology

C Wright-Patterson Air Force Base, OH

C

C Det.criptior,: HDRFCF opers the output listing file (logical units

C 13 ard 6) and starts CPU and wiall time use
C ,t5t Ibticb.

C

3UBROUTINE HDRFCF

CHARACTER*3 VERSN

CHARACTER*13 PCN

INTEGER*3 IDATE(3), ITIIE(3), IUSER(4)

VERSN = 'S4.11.30'
PCN = 'GEP/B4D-6/1.4'

l C------------------------------Initiate the run statistics.

CALL BTINE

CALL STIME

C ------------------------------ Get the current date, time, and
C user nime for output on the header

CALL DATE(IDATE)

CALL TIE(ITINE)

CALL USERNO(IUSER)

------------------------------- Open the output listing file and
write out the header

C3FEN (UNIT=13)

OPEN (UNIT6)

UFITE (13,1301) IUSER, VER&N, IDATE, PCN, ITII'1E
I FORMAT ('I ULr: ',4A3,T51,'Air Force Institute of Techroloy',

. TIIO,'Version: ',A8,
* / , ' Date: ',3A3, T 114, 'PCN: ',MIS,

I, ' Time: ',33,T57, 'FRANCK-CONDON FACTORS',/,I)

H-4
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C--
C
C Program : SUBROUTINE RDRFCF

C

C Version: 84.11.30

C

C Author: Paul H. O5tdie.
C

C Air Force Institute of Technology

C Wright-Patterson Air Force Base, OH

C

C Dc criptio,: This routine reads all records from one o+ two input

C files (LUNIT=I1 or 12). Each record read is written

C to the output listin 9 (unit 13). Data recordb are

C r -rked by a '>' ir column 1. These record5 contain

6 C data referenced by a sin9e key word. All other

C records are considered comments. This routine uses

C an internal read, e 9 READ (SCORE(5:19),"(E15.7)') X

C reads from columns 5 to 19 of the character

C variable SCORE usin9 the edit descriptor E15.2 into

C the real variable X.

C

C-------------------------------------------------------------------------------

SUBROUTINE RDRFCF (LUNIT)

CHARACTER*72 LBLA, LBLB

0 CHARACTER*80 SCORE

INTLOER I, 3, LUNIT, NOPNTA, NOPNTB, COUNT, TSTLVL, SCNT

REAL FACTOR(O:24,0:24), PSIA(1:202,0:24), PSIB(1:202,0:24),

+ SA(202, 4) , DB(202,4)

COMMIN /IDTAFCF/ FACTOR, PSIA, PSIB, SA, SB, NOPNTA, NOPNTB

COIIION /LAbEL3! LBLA, LBLB

C-------------------------------Open logical unit LUNIT.

OFEN (UNIT=LUNIT)

DO 100 I=,10000

C ----------------------------Transfer a record fron the input

C file (unit 11 or 12) to the buffer

C SCORE.

READ (LUNIT,11O1,END 101) SCORE

1101 FORMAT (A80)

C ---------------- If SCORE(1:1) is a ')' then SCORE
may contain data.

H-5
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iF (3COREI:1) .EQ. '>')THEN

IF (SCORE(2:5) .EQ. 'LABL') THEN

C ------------- This record contains a label for the
C state in~volved.

IF (LUNIT EL4. 11) LlBLA(1:Z2) SCOiRL(7:78)
IF (LUNIT .EQ. 12) LBLI3(1:72) SCORE(7:78)

IF (SCORE(2:) EQO. ' THEN

C-------------------------------- This i'euoj-d corntairs* data for the
C S matrix.

READ (SOLL:'~,(I) CNT

IF (LUNIT .EQ. 11) THEN

READ (SCORE(6:2O),'(E15.7)1 ) SA(SCNT,I)

[READ (SCORE(2j:35),'(E15j.7)') SA(SCNT,2)

READ CSCORE(36:50),'(E15.7)') SA~tSCNT,3)

READ (SO (1:)'Ei.7' A( CNT,4J

S ELSE
kEAD (SCORE(6:2O),'(E1t .7)') SB(SCNT,1)

READ (SCOkE(2l:3b),'(E1b.7)') SB(5CNT,2)

READ (SCORE(36:50),'(El5.7)') SB(SCNT,3)

READ (SCORE(5l:65),'(E15.7)') SB(SCNT,4)

0 ELSE

C-------------------------------- This record must have data for th~e
TSTLVL th wave function.

READ) (SCuRE(2:5,'U'4)-) TSILVL
READ (SCORE~c:9),'(Iq)') CUUNT

IF iLUNIT .EQ. 11) THE1N
READ (SCORE(1C:24),'(E15.7)') PS1A(COUNT,1STLVL)
IF (COUNT GOT. NOPNTA) NOPNTA =COUNT

READ (SCORE(1O:24)C'(E1t;.7)') PSIB(COU 1 TT1LVL)

IF (COUNT .6T. NOFNTB) NOPNTB COUNT

L NDIF

LND.I F

l JDI F

10 0 CONTINUE

C------------------------------------ Close locical unit LUNIT.

101 CLOC- E (UrIrr=LUNIT)

99',9 RETURN
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C -

C
C Progr-;r: SUBROUTINE CLCFCF

C
C Ver ,ion: 84. 11.30

C
C Author: Paul H. 05tdiek

C
C Air Force Institute of Technology

C Wright-Patterson Air Force Base, OH

C

C b:tcriptiori: This routine calculates the Franck-Condon factor for

C the wave functions referenced by LVLA and LVLB.
C

C -------------------------------------------------------------------------

SUBROUTINE CLCFCF (LVLA, LVLB)

INTEGER I, J, LUNIT, NOPNTA, NOPNIB, LVLA, LVLB, IER,

*I1, 13, 1202

REAL FACTOR(0:2*,0:24), PSIA(I:202,0:24), PSIB(I:202,0:241,

SA(202,4), SB(202,q), A(202), VA(202), VB(202),

t AREA

COMI.MOII /DTAFCF/ FACTOR, PSIA, PSIB, SA, SB, NOPNTA, NQPNTB

DATA II, 13, 1202 11, 3, 202/

DO 100 I-I,NOPNTA

VA(I) = PSIA(I,LVLA)

VE(I) = PSIB(I,LVLB)

100 CONTINUE

AREA = 0.0

L - ------------------------------ Multiply SA*VA A

C

C VP.ULQF is an IMSL routine for matrix

C multipl ication.

C (Band Symmetric stora9e mode times
C Full storage mode.)

CALL VMULQF (SA, NOPNTA, 13, 1202, VA, Ii, 1202, A, 1202)

C ------------------------------- Multiply VB*A = AREA

C

C VHULFF is an IMSL routine for matrix

C multiplication.

C (Full storage mode times Full

A C storage mode.)

H-7
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- .- - - -.- f .--. . -- . , -,•

CALL VPlULFF (VB, A, "11, NOPNIA, 11, 11, 12029 AREA, 11, IER)

C ------------------------------- The Frarick-LCndon factor it AREA
C squdr ed.

FACfrOR(LVLALVLB) = ARLA-'*2

9999 RETUR1"

END

0

H-8B.-.
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C
C Projrara: SUBROUTINE OUTFCF

C

C Vtr i Lra: 84.11.30

C

C Author: Paul H. Obtdiek

C
C Air Force Intatitu.te of Technology

C Wright-Patterson Air Force Base, OH

C

C Dvcriptioon: This routine print! a 25 by 25 Frarck-Cordon factor

C t.ible (to unit 13).

C

C -----------------------------------------------------------------------

SUBROUTINE OUTFCF

CHARACTER*72 LELA, LBLB

INFEUER I, J, NOPNTA, NOPNTB

REAL FACTOR(0:24,0:24), PSIA(1:202,O:24), PSIB(1:202,0:24),
* SA(2 02,4), SB(202,4) o

COM'ifN'J /D)TAFCF/ FACTOR, PSIA, PSIB, SA, SB, NOPNTA, NOPNTB

COMON /LABELS/ LBLA, LBLB

WRITE (13,1305) LBLA, LBLB

1305 FORMAT C' v" (across the page - lower state) is for ',..

+ ' ',A72,I,/,' v (down the page - upper state) is for',/,

+ ' ',A72)

WRITE (13,1301) (JJ-,15)

1301 FORMAT ('O',v'\v ',12,l5(5XI2),/)

C ------------------------------ Write the first part of FCF table.

DO 10 I=0,24

WRITE (13,1302) 1, (FACTOR(3,I),J=0,i5)
1--02 FORMAT (' ',I2,1X,l6(2X,FS.3S))

10 COi*TINUE

WRITE (13,1303) (J,J16,24)

1303 FORMAT ('I',IX,9(S,I2),/)

C--------------------------------Write the second part of FCF table.

DO 20 I-.0,24
WRITE (13,1304) I, (FACTOR(JI),J=16,24)

1304 FORMAT C' ',I2,1X,9(2X,F5.3))

20 CONTINUE

9999 RETURN
END

H-9
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C

C Program: SUBROUTINE TRLFCF

C

C Ver5 ior," 84.11.30
C

C Author: Paul H. Ostdiele

C
C Air Force Institute of Technology

C Wri9ht-fPatterson Air Force Ba%,, OH

C

C ]),.: criptiori: ThLFCF c1oe the output listin9 file (logical

C units 13 and 6) and 5tops the CPU and wall time

C u e Statlstics.

C

SUBROUTINE TRLFCF

C ------------------------------- Shut down the run statistics.

CALL ETIME

CALL WTIME

C ------------------------------ Close the listin9 outputs.

CLOSE (UNIT=13,STATUS='KEEP')

CLOSE (UNIT=6)

999c? RETURN

END
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Appendix I

Program Flow Symbols

A process of some kind.

SUB1 A module, e.g. SUB1 may

be a subroutine or a
function.

Y (3
A decision point.

0

Q I Start or stop a task.

A disk file.

Output listing (printer).

17J1 Off page connector
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Appendix J

The Single Harmonic Oscillator

The Schrodinger wave equation describing a one

dimensional, single harmonic oscillator is (10:75):

d-'V + - -- (J-1)

d2  ~2 2 y

dx2  h

where

kx2 1 2 x2 (J-2)

Bounded solutions exist only for the discrete energy levels

defined by the vibrational quantum number v and:

Ev) = 'Tht(v + 2) (J-3)

This equation shows that these energy levels are spaced

equally apart.

The orthonormal wave functions of the harmonic

oscillator are then described in terms of Hermite polynomials
1

Hv (OC2x) as:

J.1

J-i1.
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' 4V(X) = V(OLX) (J-4)

where the normalization constant Nv is

= 1(J-5)

arid the scaling constant a is

-1 (J-6)

The first ten Hermite polynomials are:

HQ(q) =

HI(q) -2q,

H 2
2(q) q

H 3(q 8q3  12q

H 4(q) =16q _ 48q2 + 12 (J-7)

H5(q) =32q5 -160q 3 +120q

'6(q) 64q6  480q1  + 720q2  120

H 7(q 121q 7 -13.4q
5 + 3360q3 - 1680q

H8)= 256q8 - 654 + 13440 13440q2 + 1680

9(q 512q9  9216q7 + 48384q5  80640q3 +320
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OtSSIFiCATION OF THIS PAGE

This thesis developed a finite element solution of the
3chrodinger wave equation. This technique is used by a
:omputer program to calculate the energy levels and wave
functions of a diatomic molecule for a particular poten-
tial energy model. The potential energy model is a function
:f a set of parameters which a non-linear minimization rou-
tine varies before solving the wave equation. This is done
in an iterative manner until the calculated energy levels
agree in a least squares sense with the observed energy
levels. Then the transition probabilities (Franck-Condon
factors) between the wave functions are calculated by
another program developed for this thesis. Finally, two
programs were written to determine the energy levels
Dbservpd in spectroscopic data. One uses Dunham coefficients
and the Dunham equation while the second uses a least square
fit to the data directly.

The four programs were tested and appear to work correct-
ly. The numeric solutions were compared with the analytic
solutions of the single harmonic oscillator. The lowest
25 energy levels agreed to within 0.005% accuracy while
their wave functions appear to agree to within 0.40%
accuracy.
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